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ABSTRACT
Bhal, Vinay. Ph.D. The University of Memphis. August 2012. Designing a
continuous, high throughput flow filter for whole blood fractionation and enrichment.
Major Professor: Eugene C. Eckstein, Ph.D.
Whole blood is a complex biological fluid and its heterogeneous particulate nature
distinguishes its flows from those of simple fluids. The variations in concentration,
physical and biochemical characteristics of its cellular components make it one of the
most challenging suspension flows to be understood and modeled for applications to
blood fractionation. Current blood cell segregation studies are performed at microfluidic
scale, which prohibits use of whole blood and processing of large volumes.
Centrifugation based apheresis is the most common method used for collection/removal
of desired/deficient blood components. It involves drawing whole blood from the
donor/patient and requires specialized skills to control the centrifuge variables (spin
speed, bowl diameter, idle time in centrifuge, added solutes, and plasma volume).
Ultrafiltration in hollow-fiber high-flux devices such as hemofilters has been shown
to provide strong separation for blood cells. For given ultrafiltration rates, the platelets
exhibit elevated concentration at the walls of fibers in these devices at intermediate shear
rates. In separate blood flow studies white blood cells have been shown to exist in the
near wall regions of channel flows. These events are attributed to inward axial migration
of red blood cells and shear induced diffusion in cross-flow filtration of particulate
suspensions. Using the available knowledge of blood flow in hollow-fiber ultra-filtering
devices in different regimes of flow rates we present in this dissertation an engineering
effort to explore an enricher stage that operates in a continuous manner for RBC, WBC,
platelets, or plasma.
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In this work we have developed designs and methods to fabricate and evaluate a
flow-filter stage that permitted explorations of convective acceleration, shear-induced
diffusion and electrokinetic manipulations of cells for whole blood and plasma
fractionation. The rectangular channel geometry was used, including with a tapering zone
preceding bifurcation outlets. This work demonstrates that convective acceleration in
converging zones and ultrafiltration provides a means to induce small scale cell
enrichment effects. We also show that ultrafiltration alone in the range of 2 – 10% of the
inlet flow rates and at intermediate shear rate of ~ 670 sec-1 can enhance the cellular
concentration in the outlet adjacent to the ultrafiltrative wall.
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CHAPTER 1
INTRODUCTION
Objective and Scope
This dissertation presents an engineering effort to design, develop and test a
scaled single stage of a flow-based device that would obtain fractions of whole blood
enriched in individual cellular components and/or separate plasma. The motivation is to
develop a technology to optimize the cellular-based therapy by delivering a transfusion
product – such as units of young erythrocytes (neocytes) enriched red cell product, white
blood cell (WBC) and plasma. Such a device could also be adapted for removal of excess
cells for management of pathologies such as; hyperleukocytosis during leukemia,
erythrocytosis, or plasmacytosis (increase in plasma cells due to infection or multiple
myeloma). In next section (motivation) we outline the field of blood component therapy
and the development of therapeutic products to replace the cell deficiencies, with special
focus on neocyte transfusion. This is followed by a section on the criteria for a new
technology to process whole blood units from single donor without the need for
centrifugation and a section on the proposed principles of the flow-filter device.
The paths of cells in flowing whole blood or blood suspension, over a wide range
of shear rates and hematocrit values, are complex manifestations of non-linear
phenomena. In concentrated suspension flows of materials like whole blood, it is an
unmet challenge to achieve statistical ordering of cell paths with the intention of sorting
them as they move through a channel. Traditionally the engineering community, as well
as the scientific one, has approached understanding of such complex phenomena through
assumptions and simulation of simplified systems. A major aspect of such studies is to
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allow for the variability and think in terms of averages. Separate hemorheolgical studies
have collected average fluid and cell velocities, variation of viscosity and cell population
distribution in different regimes of shear rate and Reynolds number. An approach of more
contemporary efforts is to study cellular behavior in channel sizes approaching single cell
dimension. These include experimental as well as numerical modeling to understand the
underlying mechanisms and factors which modulate physical events such as leukocyte
and platelet margination, or biophysical events such as platelet and leukocyte adhesion.
While such studies are as of now limited in resolving the complexity of concentrated
blood suspension flows, they provide valuable engineering data that might be used to
understand and modulate the flow properties in devices and applications targeting such
physiological systems and have applications for diagnostic collection of cells. In chapter
2 we describe blood and its complex composition along with different cell population and
sub-populations suspended in plasma. This is followed by a discussion of structures and
aspects of blood rheology at the microscopic scale where non-Newtonian behavior is
manifest. Also discussed are the suspension flow characteristics and behavior, as can be
studied using model cell particle systems.
Research on whole blood separation is limited and has yet to demonstrate a means
to replace or lower the cost of traditional methods performed at specialized centers of
blood component collection. Miniaturized Lab-on-a-Chip systems seem to promise cost
effective separation technologies, but current blood separation studies are directed
towards sizes for diagnostic technologies with aims of reduced sample and reagent
volumes (few nanoliters to upper limit of few milliliters) and faster times for sample
analysis (Irimia & Toner, 2005). While miniaturization affords scaling of through-put by

2

parallel or serial arrangement of units, use of whole blood at lab-on-a-chip scale is
prohibited due to difficulties related to clogging of such devices. Dilute blood
suspensions are chosen to study separation feasibility of blood cells. Small dimensions
allow use of techniques like dielectrophoresis which scale favorably as channel size
reduces and these studies have targeted blood fractionation at scales where inertia-related
non-linearity is lost. As a result such separation technologies have a low through-put and
do not allow a continuous process. They are more effective in sensing and capture of rare
blood cells which differ significantly in their phenotype from normal cells. These
approaches are discussed in section on ‘blood separation techniques’ along with a
background on the force fields utilized in our work.
Research objectives presented in this dissertation focus on utilizing the current
knowledge of blood rheology; physical, chemical and electrical properties of blood cells
and plasma were considered. This attempt acknowledges that concentrated suspensions
flows are yet to be fully understood and modeled, and it is a leading-edge effort to
explore the possibilities of a separator and enricher using available technologies.
Optimization of the proposed energy fields or/and new techniques will emerge to develop
blood cell enricher as theory and modeling of suspension flows expands, to include
complex particle shapes; channel geometries; physical, electrical and biochemical
properties of particles; concentration and shear rate dependent (hydrodynamic) short and
long-range particle interactions. In this context, we explore an enricher stage that operates
in a continuous manner for neocytes, RBC, WBC, platelets or plasma.
It is proposed here to utilize the individual cellular responses to differential shear
fields adjacent to an ultrafiltrative boundary and in a DC electric field. Through the aims
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listed below we seek to obtain separation characteristics of proposed flow-filter as the
whole blood responds to our chosen forces and flow fields.
Aim
Develop prototypes of single enrichment stage and determine its separation properties for
neocytes, RBC, WBC, and platelets, and plasma.
Key Questions
1. What channel dimensions and flow rates will allow collection of blood
components at rates permissible in a typical blood donation/clinical setting?
2. What design options and methods are feasible in a laboratory setting to develop a
proof of concept for blood cell enricher?
3. Do ultrafiltration, electric field and convective acceleration provide appropriate
means to drive the statistical ordering of cell paths?
4. Do inclined channels provide a size-independent means to segregate cells based
on density differences?
5. Do these techniques combine to produce a synergistic force field and can they be
demonstrated for lower or higher hematocrits concentration of whole blood
suspensions?
6. Can platelets and WBC be substantially removed without activation and provide a
RBC enriched product?
Attempts to answer above questions are presented in next chapters. Chapter 2
discusses the existing knowledge of events in blood suspension flows and scaling laws
for the force fields we intend to implement. Chapter 3 introduces the different designs,
estimation of events and relative forces, methods of device fabrication and testing of
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candidate devices. Chapter 4 presents the results of fractionation experiments and
discusses the possible explanations for the observations.
Finally in chapter 5 we draw conclusions, discuss the complexity of working with
concentrated blood suspensions, and ask fundamental questions which need to be
addressed, and propose alternative designs and future work for whole blood fractionation.
Motivation
Blood component therapy is continuously evolving as the cornerstone for managing
patient-specific needs of transfusion. A unit of whole blood (WB) is used to prepare
transfusible products which serve specific needs of several patients. Blood components
(RBC, plasma, platelets, and granulocytes) are prepared either from remotely donated
whole blood or at a donation site by automated apheresis, both processes relying on
differential centrifugation in a laboratory. Optimal component separation and collection
requires specific centrifugation variables, such as rotor size, speed and duration of spin.
Packed RBCs (pRBCs) are the most common product used for treatment of symptomatic
anemia or hemorrhage, as a way to increase tissue oxygenation. Out of the 15 million
units of WB collected annually in US (70 million worldwide) roughly 13 million (~87%)
are transfused as RBC products (> 65 million worldwide, ~ 93%). Most pRBCs products
are prepared by centrifugation of whole blood followed by removal of platelet-rich
plasma layer, and only about 5% are prepared by automated apheresis. In contrast
roughly 75% of platelet products are collected through automated apheresis. A unit of
pRBCs is characterized as having 130-240 mL of RBCs, 50-89g of hemoglobin (Hb) and
150-250 mg of iron (Hillyer, 2009).
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The average life span of circulating RBCs is 120 days, at the end of which they are
sequestered and destroyed by the phagocytes in the spleen microcirculation. Therefore, a
RBC product enriched in younger red cells (neocytes defined as < 40 days old) can
effectively increase the transfusion interval, reduce the clinical cost and improve the
transfusion -to- risk benefit. Earlier studies which sought to understand the red cell
senescence and differentiate the physical (size, density, and deformability), chemical
(enzyme activities, membrane composition, sialic acid content) and electrical properties
(surface charge, electrophoretic mobility) of younger red cells from the older ones
provided a major thrust to efforts utilizing these differences to obtain fractions of red
cells by age (Reverberi et al., 1985). Of these age-related changes, only the increase in
density permits centrifugation based method (both with and without density gradients) to
collect clinically significant amounts of neocytes. Discontinuous density gradient
centrifugation allows a sharper age fractionation, but available gradients may not be
suitable for transfusion (Reverberi et al., 1985). A review of four available methods of
preparing neocytes using direct centrifugation found the method to be cost-prohibitive
(Marcus et al., 1985). An account of research and clinical studies using these methods to
collect and transfuse neocytes in thalassaemia major patients is provided later in chapter
2, section “Neocytopheresis and Neocyte Transfusion”. Neocyte enrichment was
evaluated by reticulocyte count and mean red cell age that was estimated by pyruvate
kinase (PK) activity, an age-dependent enzyme. None of these studies used an automated
device optimized for red blood cell collection and outcome of these studies all was that
the cost of preparing the neocyte enriched units was greater compared to the transfusion
benefit.
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Subsequent to FDA approval in 1997, machine-based automated apheresis to
collect blood components has gradually replaced manual whole blood centrifugation in
some specialized clinical settings. It is now possible to collect two red cell products (200
mL each) from a donor during single donation. Currently the cell selection is driven by
the relative density of the red cell fraction of whole blood in these apheresis devices.
However, if flow-filter like the ones discussed here was partially efficient, it may be
possible to integrate neocyte-enrichment technology into the apheresis process to allow a
secondary and finer selection of two neocyte-enriched red cell units from single donation
based on physical characteristics that distinguish neocytes from old red cells. Transfusion
support with the two neocyte-enriched red cells versus transfusion of standard red blood
cell units could provide great benefits to the recipient to including: reduced donor
exposure, reduced clinic visits for transfusions, and reduced iron loading.
Criteria for Flow-Filter and Design Options
The technology for flow-enrichment filtration has not been developed to the scale
needed for processing more than few milliliters of blood sample. An estimate based on
the goal of preparing two 200 ml transfusion units with 90% neocytes and direct
information (2/3 collection efficiency, labeling one of four red blood cells as a neocyte,
40% hematocrit) suggests five liters of blood will need to move through this flow-filter.
The device to be built after the functional single stages are developed will feature
multiple stages and return the components not required to the donor, as in apheresis.
Removal of WBC and platelets at early stages is an important aim as they can be returned
to the donor with minimal activation and delay. This capability will provide an early
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version of flow filter that can be integrated with aphaeresis methods and used to
demonstrate the value of neocyte enriched transfusions on larger scale.
To meet the challenge of a clinically useful blood and plasma fractionation device
we expect to use forces and stresses typical of current clinical devices to locally alter the
distributions of different cell types and manipulate cell paths towards desired outlet ports.
Design criteria for a successful flow-filter device include:
A. Power Requirements to Create Particle Potentials:
•

Pressure-driven flow to allow continuous withdrawing of plasma and enriched
fractions. Hydrodynamics of pressure-driven flows along with channel size and
converging geometry provide for RBC depletion at walls as they migrate axially
(Goldsmith & Mason, 1961)

•

An ultrafiltration surface in the converging zone to selectively move smaller
(platelets) and harder (WBC) cells laterally towards a side channel collecting
material from near-wall region (Drake & Eckstein, 1981; Mockros, Domnitch,
Burhop, & Lindon, 1990)

•

Electrophoresis/dielectrophoresis to facilitate movement of cells away from
membrane in addition to shear-induced back diffusion

B. Operational Requirements:
•

Low priming volume and plasma separation with possibility of returning to the
donor or reusing in subsequent stages; and production of high or low RBC and
WBC/Platelet fractions.

•

Avoid caking-level concentration polarization at membrane surface during the
operation duration of the device
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•

Operate with standard citrate anticoagulation and process whole blood, in a
continuous manner, typical of a clinical apheresis setting

•

Minimize blood cell activation and damage by ensuring surface interactions of the
same low level as in currently used devices for apheresis-based collection of
blood products, e.g., platelet fractions and white blood cells.

C. Accessory Requirements
Designed for manufacture, low production costs, and disposability; with a priming
volume of ~ 10 μl for single stage, it is estimated that final device can be scaled to consist
of an arrangement of 200 channels. The scale proposed here is expected to provide the
advantages of small residence times (low priming volume), low cost, light weight,
disposability, and promise for automation and portability.
Proposed Device Principles
The hypothesis that we intend to test is whether the aspects of hemorheology and
suspension flows, discussed later in chapter 2, can be utilized to fractionate whole blood.
Proposed fractionation is based on competing forces exerted on the system of fluid and
suspended particles (plasma and cellular components) in the lateral direction as they
move along the channel in axial direction. The purpose of applying external energy fields
in the lateral and axial directions is to achieve the synergistic balance of these forces,
which could yield desired enrichment.
With an ultrafiltrative wall we aim to rearrange the moving cells as they are drawn
towards the membrane surface while moving past the filter. As these cells are in the nearwall region, an outlet port drawing from this region can collect them. As described later,
axial migration of red cells toward a central core in pressure driven flow provides a
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mechanism to move them in continually rearranging structures known as flickering
rouleaux (Quemada, 1981). It is expected that as blood cells concentrate near the
membrane wall, the incoming fluid undergoes acceleration in the tapering zone which
can offset the loss of plasma by ultrafiltration and provides sufficient shear to cause the
more populous, deformable red cells to move away from the wall,. The latter
phenomenon is known as shear induced diffusion and has been show to scale with
particle radius and shear rate (Zydney & Colton, 1986). To complement the shear
induced back diffusion we aim to use electric field force across the channel walls of
wider dimension.
In high shear flows, red cells do not form the rouleaux structures observed at very
low shear rates, and at high concentrations red cells, due to their deformability, are able
to squeeze past each other. The younger RBC is softer (greater deformability), larger, and
less dense. We aim to use these differences to force a lateral movement of red cells
towards the membrane followed by lateral re-organization by the more deformable cells
towards the opposite wall. The shear induced back diffusion and inertial lift forces are
expected to provide the energy gradients for re-entrainment of younger cells. WBC and
platelets being rigid bodies compared to RBC are expected to stay near the channel walls
following the local flow streamline. Platelets being the smallest of all cells will
experience a drag force associated with filtration which is greater than the inertial lift
forces. Additionally, concentrations of older red cells (which are major portion of total
red cell volume fraction) should remain near the membrane, as should white cells and
platelets. These cells should provide a permeable cake, undergo shear-associated mixing,
and permit low fractions of plasma to be ultrafiltered by the membrane. An ultrafiltration
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region followed by a side channel should allow these cells along with older RBC fraction
to flow downstream to a collection point or next stage of enrichment. The young RBC
fraction would be collected in the opposite side channel or sent to further enrichment.
In studies with individual hollow fibers by Drake and Eckstein (1981), it was found
that platelet concentration was low at walls for higher shear rates (~ 1000 s-1), but
increases as shear rate decreased to moderate values (400-550 s-1)and below a certain
value it decreased again. An important point to note was that fiber platelet concentration
was elevated for shear rates above ~ 300 s-1. So we aim to use shear rates sufficiently
high, yet where platelets do not get activated, allowing them to accumulate near the
membrane, and preferably, move with continuing rotation along the surface to be drawn
into adjacent take-off.
To obtain plasma along with its solutes and proteins as filtrate, we propose to use
the 0.2 μm PES membrane (Pall Inc., MI), which will ensure that all major blood proteins
pass through it. This also reduces the chances of membrane fouling by proteins and
enhancing the working life of the flow-filter. This membrane was selected over others
discussed in chapter 3.
Dielectrophoretic (DEP) and electrophoretic (EP) forces are small compared to the
inertial forces due to convective accelerations, and at low shear rates the red cell fraction
will form groups that are subjected to settling forces greater than the value for a single
cell. We do not expect electrical forces to cause appreciable migration of cells away from
the membrane, yet we expect them to provide a gentle push to the younger and softer
cells allowing them to move preferentially towards the opposite wall.

11

CHAPTER 2
BACKGROUND
Introduction - Blood
Blood along with its cellular components plays a crucial role in maintaining
homeostasis (wound healing, regulating pH and body temperature) as well as transport of
gases (O2, CO2, NO), solutes, hormones and nutrients throughout the body of an
organism. Each hematologic component (cells and plasma) performs specific functions
and therefore blood is one of the most important and complex fluids in bio-separation
science. Since each part of blood has great physiological importance, an ability to
fractionate and collect individual components has diverse applications in therapy,
diagnosis and research.

Figure 1. Scanning electron microscope image of a sample from normal circulating
human blood showing three main cellular components: RBC, WBC, and Platelets
(Wetzel & Schaefer, 1982).
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Blood is a multiphase fluid comprised of two main components: plasma and cells.
Roughly 45% of the blood volume is composed of cellular elements and the remaining
55% is plasma. Plasma is composed mostly of water (93%) containing a mixture of many
ionic solutes, proteins, lipids, and metabolites with molecular weights ranging from few
tens to millions of Daltons. The three main proteins found in plasma are albumin (MW =
69000), fibrinogen (MW = 400,000) and the class of globulins (MW = 35,000 –
1,000,000). Plasma as such is a Newtonian fluid, implying a viscosity which is
independent of shear rate. Cellular elements are composed broadly of erythrocytes
(RBC), leukocytes (WBC) and platelets (Figure 1), with RBC forming the largest portion,
roughly 95%. Alone, RBC make up to 45% of total blood volume in males and five to ten
percent less in females. Cells are further separated into subclasses and their relative
amounts are provided in Table 1. The particulate nature of blood is responsible for its
non-Newtonian behavior, which is discussed in next section on blood rheology.

Table 1
Circulating Blood Cell Levels
Blood cell type
Erythrocytes (RBC)
Reticulocytes
Platelets
All Leukocytes (WBC)
Neutrophils
Lymphocytes
Monocytes
Eosinophils
Basophils

Count/ μL

Volume percent
6

4.2 – 5.9 x 10
4.2 – 6.0 x 104
1.5 – 3.5 x 105
5000 – 10000
4000 – 8000
1000 – 4000
100 – 1000
0 – 500
0 – 100

Source: (Irimia & Toner, 2005; Rhoades & Tanner, 1995)
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40 - 45
0.2
0.1
Percent of WBC
40 – 70
20 – 40
4–8
0–3
0–1

The RBC shape resembles a biconcave disk about 8 μm in diameter and 2 μm thick.
The main function of RBC is to carry oxygen to tissues and organs; the capacity to carry
out this function decreases with RBC age. Reticulocytes, which are nucleated RBCs
released into circulation from bone marrow, comprise approximately 1 % of circulating
RBC population at any given time. They remain in circulation for around 3-4 days before
they lose their nucleus and become mature RBCs. The normal human RBC remain in
circulation for an average of 120 days and at the end of their average life span are
sequestered and destroyed by the phagocytes in the spleen microcirculation. At a given
time, the age distribution of RBC population can be approximated by Gaussian curve
with mean age of approximately 60 days. It is in this context we discuss, in chapter 2, the
utility and previous efforts made in obtaining a transfusion product enriched in younger
red cells through centrifugation.
Platelets, which make up to 4.9% of the cellular volume, are primary responders in
cellular mechanism of hemostasis, forming blood clots. They are small, irregularly
shaped cell fragments, 2-3 μm in diameter, and like RBC, they are anuclear. The white
blood cells or leukocytes are part of the immune system and their main function is to
defend the body from foreign bodies and infections. Broadly, there are five different
subclasses of leukocytes (Table 1), ranging from 7 – 21 μm in diameter (and more or less
spherical in shape). Together they comprise approximately 0.1% of total blood volume.
For every WBC there are approximately 1000 RBCs. Besides the three main classes of
cellular elements discussed above, other rare cells such as circulating tumor cells (CTC),
and fetal cells may also be found in blood at very low concentrations.
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Aspects of Blood Rheology and Suspensions Flows
The flow properties of the blood are determined by the composition of the blood
and the properties of its components. Leukocytes and platelets, due to low volume
concentration, have little role in determining whole blood viscosity and therefore have
negligible effect on the macroscopic flow behavior of blood. Erythrocytes, being the
largest fraction of cellular component (~95%) play a greater role in determining the
rheological behavior of blood. Mediated by plasma proteins (especially fibrinogen),
erythrocytes can form rod-like aggregates called rouleaux at low shear rates (< 50 s-1)
(Chien, 1970). As the shear rate increases the rouleaux structures are progressively
broken up leading to reduction in apparent viscosity until it attains a constant value of
about 3.5 mPa-s at shear rates greater than 200 s-1. By virtue of their shape (biconcave
disc) and deformability, red cells have the ability to align themselves with the flow
direction as the shear rate increases (Goldsmith, 1971; Goldsmith & Turitto, 1986).
Finally, the hemoglobin content of erythrocytes has an effect on speed with which they
can deform under shear forces (Rampling, 2007). These properties together are
responsible for the non-Newtonian viscosity (shear-dependent) of blood.
Besides the dependence on hematocrit, in steady flows at high shear rates (> 100
s-1) blood viscosity was found to decrease in tubes with diameter ranging between 500
and 15 μm (Fournier, 2007). This effect, known as Fahraeus – Lindqvist effect, is a result
of reduced hematocrit in the tube relative to that of the feed reservoir (Fahraeus effect).
Lower tube hematocrit occurs due to redistribution of erythrocytes wherein a celldepleted plasma layer is formed (thickness < ~ 3 μm) near the channel walls around the
red cell core reducing the flow resistance and hence apparent viscosity of blood
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suspension. Cell redistribution occurs due to wall exclusion effect and inward migration
of red cells, away from the wall, attributed to erythrocyte deformability and cell
aggregation (Bishop, Popel, Intaglietta, & Johnson, 2001; Goldsmith & Turitto, 1986).
Axial migration of erythrocytes was observed to be more pronounced in conditions which
favored rouleaux formation like those in very low tube Reynolds number (<< 1) (Cokelet
& Goldsmith, 1991; Goldsmith, 1967; Palmer, 1969) . At physiological hematocrits the
velocity profile changes from nearly parabolic at wall shear rate of 200 s-1 to more blunt
profile approaching a plug flow at low shear rates (< 50 s-1). Blunting of the velocity
profile generally occurs when percent volume fraction is greater than 20% and ratio of
particle to tube radius rp/R > 0.04 (Goldsmith & Turitto, 1986).
In low Reynolds number flows of dilute suspensions, a viscous lift force acts on
deformable, asymmetric particles while rigid, non-deformable, and/or spherical particles
do not experience a lift force and are carried along parallel to the tube walls (Abkarian &
Viallat, 2008; Kersaudy-Kerhoas, Dhariwal, Desmulliez, & Jouvet, 2010). At higher
Reynolds number (Re > 1) the rigid particles experience two-way radial migration; away
from the tube wall as well as from the tube axis until an equilibrium position is attained at
around 0.6 times the tube radius (Segre & Silberberg, 1961; 1962). This “tubular-pinch”
effect is a result of balance between competing forces: wall-induced lift force pushing the
particles away from wall and the shear-gradient induced inertial lift force which pushes
particles away from tube axis. The net lift force depends on the ratio of particle diameter
to channel diameter (ap/D). Similar inertial focusing was observed in square and
rectangular microchannels (Bhagat, Kuntaegowdanahalli, & Papautsky, 2008; Bhagat et
al., 2009; Choi, Seo, & Lee, 2011; Di Carlo, Irimia, Tompkins, & Toner, 2007).
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Deformable particles undergo radial migration to the tube axis while the rigid particles
migrate to an equilibrium radial position in Poiseuille flows at flow rates where inertial
effects were significant (Karnis, Goldsmith, & Mason, 1966). Karnis et al. also reported
Fahraeus-Lindqvist effect in concentrated suspensions.
In pressure driven flows, the presence of red blood cells is known to enhance
leukocyte and platelet margination to the periphery through cell-cell interaction.
Leukocyte distribution depends on hematocrit and shear rate with margination more
pronounced at low shear rate when rouleaux formation is favored (Goldsmith & Spain,
1984; Nubis, Pries, Cokelet, & Gaehtgens, 1985). At low flow rates the red cell core
width decreases due to greater inward migration (Figure 2.2) pushing the white cells
outward to the wall. The thickness of plasma-rich layer is reduced in two scenarios: at
high hematocrits and high flow rates when red cell aggregates are broken apart resulting
in greater distribution of white cells across the tube cross section. However, radial
migrations still occur via dispersions due to interactions with red cells outside the core of
uniform velocity. In observations of dispersion in sheared flows of ghost-cell
suspensions, red cells, 2-μm spheres, and platelets exhibit greater displacement compared
to leukocytes (Goldsmith & Karino, 1977; Goldsmith & Turitto, 1986). Platelets, the
smallest of all blood cells, are often found in higher concentrations at tube walls. Since
they are much smaller and less deformable than red or white cells, they experience
smaller inward migration. Also platelets, in simple fluids (e.g., platelet-rich plasma),
behave like rigid particles discussed previously and follow the ideal streamlines moving
closely, but in suspensions of red cells they exhibit substantial lateral motions. Their
lateral motion is shown to be augmented by hematocrit levels, wall shear rate and red
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blood cell deformability (Aarts et al., 1988; Tilles & Eckstein, 1987; Yeh & Eckstein,
1994). Tilles and Eckstein observed that near-wall excess of platelet-sized latex beads in
sheared suspensions (hematocrit >= 10%) were appreciable only for wall shear rates >
430 sec-1.
Red blood cells undergo a number of changes during the aging process in
circulation. These include changes in red cell indices (MCV, MCHC), enzyme activities,
hemoglobin, membrane surface charge, proteins and composition, rheological properties,
size and density (Reverberi, et al., 1985). During the aging process, red blood cells
become progressively smaller and denser and this difference has been used to obtain
density based fractions in centrifugal systems (Bracey, Klein, Chambers, & Corash,
1983; Bracey & McFarland, 1984; Lutz, Stammler, Fasler, Ingold, & Fehr, 1992; Marcus,
et al., 1985; Simon, Sohmer, & Nelson, 1989). Studies have also shown differences in
rheological behavior of young and old RBC. Old RBCs were shown to have an increased
mechanical fragility and aggregability, and decreased deformability as compared to
young RBCs (Kameneva, Garrett, Watach, & Borovetz, 1998). It has been shown that
athletes’ blood has more young RBCs then non-athletes’. Young and old RBC fractions
from these groups were obtained using density centrifugation methods and a significant
difference was found in aggregation and deformability of these sub-populations in the
two groups (Muravyov, Draygin, Eremin, & Muravyov, 2002). Total sialic acid content
in erythrocyte membranes was shown to be significantly higher in young cells then in the
old or whole blood RBC (Jakubowska-Solarska & Solski, 2000; Seaman, Knox, Nordt, &
Regan, 1977). The net negative surface charge of erythrocytes is attributed to the total
sialic acid content (Levine, Levine, Sharp, & Brooks, 1983). Chien and Jan (1973)

18

reported marked reduction in electrophoretic mobility of red cells treated with
neuraminidase to remove sialic acids. However, such a sharp difference is not expected in
normal red blood cell sub-populations. Yaari has reported values of electrophoretic
mobility (µe) ranging from 1.47-1.25 μm/sec/V/cm for the youngest cell fraction and
1.00-0.855 μm/sec/V/cm for the oldest (Yaari, 1969). Therefore we expect progressive
variation in migration rates of young and old cell population under the influence of static
electric field.
Neocytopheresis and Neocyte Transfusion
Separation and transfusion of blood units containing predominantly younger red
cells (Neocytopheresis) has been a subject of interest for over 3 decades as a
complimentary approach to chronic transfusion therapy indicated in patients with
thalassaemia major, sickle cell disease as well as in patients suffering massive blood loss
due to surgery or trauma. The major driving factor for this approach is the perceived
benefits of increased transfusion interval and reduced iron overload. Besides the
associated transfusion risk of infection and alloimunization to red cell antigen, iron
overloading is the most grave and causes dose-related damage to liver, kidney and heart.
Conclusive benefits of continually maintaining sufficient hemoglobin (Hb, pretransfusion Hb maintained at>8g/dL) levels in children suffering from thalassaemia
major, “low-transfusion regimen”, were first demonstrated by Wolman in 1954 (Wolman,
1964). A hypertransfusion regimen (Piomelli, Danoff, Becker, Lipera, & Travis, 1969)
and a “supertransfusion regimen” (Propper, Button, & Nathan, 1980) has been shown to
improve the survival and morbidity outcomes in such patients. However, this approach
had to be augmented with iron-chelation therapy which in itself was difficult to
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administer to achieve net negative iron balance. The iron content being the same
regardless of age, use of young red cell enriched units presented a way to reduce the
intrinsic transfusion load (Piomelli et al., 1978).
Therapeutic use of neocytes was first advocated in 1978 by Piomelli et al. (1978)
who showed a potential survival in vivo of the 50% lightest rabbit red cells to be 56 days,
compared to 28 days for the heaviest red cells. They extrapolated these results to humans
and expected mean survival of 88 days for 50% lightest red cells, compared with 60 days
for unfractionated blood. They used buoyant density gradient centrifugation to obtain
age-dependent separation. Propper et al. reported 8 month clinical trial in 2 patients in
whom the transfusion interval was increased from 30 to 43 days when using neocytes
prepared by continuous flow Aminco centrifuge. Young red cells collected using IBM
2997 blood cell separator and transfused to 7 asplenic thalassemia major patients had an
average half-life of 47.4 days compared to 29.5 days for unselected frozen red cells
(Corash et al., 1981). Same study reported collection of 36 g of hemoglobin (a unit of
blood contains about 63 g) with pyruvate kinase (PK) activity of 1.30 which was
correlated to mean cell age of 30 days.
Subsequently, a similar device (IBM 2991) was used to isolate neocytes from donor
blood and showed average survival increase of 41% for neocytes. Mean half-life of
neocyte fraction was 43.9 ± 7.8 days compared to 34.7 ± 5.8 days for older red cells
(Bracey et al., 1983). In another study to collect neocyte product suitable for transfusion
with IBM 2991 cell washer, Bracey and McFarland (1984) showed higher PK activity for
young red cells compared to unseparated blood (mean ratio 1.14 ±0.03) and correlated
the mean cell age to be 46 days compared to 60 days for standard units of blood. The
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younger red cell fraction also had increased reticulocyte count and larger MCV.
Reticulocyte enrichment, MCV and PK activity levels have been used by other
investigators to define neocyte enrichment (Picot et al., 1987; Pisciotto et al., 1986;
Rennie, Thompson, Parker, & Maddy, 1979; Spanos et al., 1996; Triadou et al., 1986).
The second clinical trial of using neocytes to support 6 thalassaemia major patients
was reported by Cohen in 1984 (Cohen, Schmidt, Martin, Barnsley, & Schwartz, 1984).
The neocyte units were prepared using IBM 2991 cell processor and over a period of 1
year patients received a mean of 110±17 mL RBC/Kg compared to 130 +/- 20 and 131
+/- 23 ml RBC/kg of conventional frozen cells in the years before and after the young cell
trial, respectively. The blood requirements of individuals were reduced over the year by
8% to 24% (mean 15.8%). In 1985 another trial of 48 transfusion dependent thalassaemia
patients, the outcome was reported to be cost prohibitive when compared to the relatively
small transfusion benefit (Marcus et al., 1985). In the same year a review of four
available methods of preparing neocytes reported that of these, 2 cell separators (IBM
2997 and Fenwal CS 3000) and one cell washer (IBM 2991) were capable of producing
neocyte units. An Aminco centrifuge was not found useful to collect clinically sufficient
amounts of neocyte units. The IBM 2991 had the advantage of time and donor
involvement but the enrichment was smaller than cell separators which need a large
donor panel and hence greater risk of infection and alloimunization, more than one
committed machine and several staff members which precluded their adoption for largescale clinical trials (Marcus et al., 1985).
Over a period of decade starting in 1988, the clinical benefits of a new system of
neocyte preparation (NEOCEL, Cutter Biological, Berkeley, CA), was reported to

21

combine ease of preparation with reduction in the transfusion requirements of
thalassaemia patients (Collins et al., 1994; Kevy et al., 1988; Simon, Sohmer, & Nelson,
1989; Spanos et al., 1996). Whole blood-derived NEOCEL neocytes, while less
expensive to produce versus their apheresis-derived counterparts, was still five times as
costly as standard RBC transfusion (Collins et al., 1994). Also they did not contain as
many young red blood cells per unit and requires a large donor panel to provide clinically
transfusible neocyte units.
Blood Separation Techniques
Blood cells form a heterogonous group with inherent differences in their physical
(size, density), chemical (surface proteins, activation threshold) and electrical properties
(permittivity, conductance, polarizability, net surface charge). These differences manifest
in the form of differential response to some force-field. Currently only the density
differences have been utilized via centrifugation to process concentrated suspension like
whole blood and obtain separate components. This is frequently followed by further
processing/filtering to obtain fractions of cellular sub-populations. Microfluidic
approaches seek to operate at scales where differences in cellular properties offer the
sensitivity and selectivity to fractionate blood components. They afford the promise of
scaling up through serial or parallel arrangement of multiple stages; however, as of today
they lack the efficiency and throughput to process large quantities of concentrated
suspensions. Microfluidic approaches for cell separation have been reviewed extensively
elsewhere (Hou, et al., 2011; Irimia & Toner, 2005; Kirby, Pratt, Huang, Hawkins, &
Gleghorn, 2011; Sollier, Rostainga, Pouteaua, Fouillet, & Achardb, 2009), but to our
knowledge none have been used for large scale blood and plasma fractionation and/or for
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enriching young and the old red blood cell populations. Age-dependent elution of human
RBC using flow-field fractionation (FFF) techniques such as work by Cardot et al has
been very qualitative (Cardot, Launay, & Martin, 1997). Furthermore an FFF technique
provides a batch process instead of continuous enrichment/fractionation.
The only recent study aiming for whole blood fractionation at high flow rates was
reported in 2007 wherein the plasma separation efficiency was reported to be greater than
80% at hematocrit of 4.5% (Jaggi, Sandoz, & Effenhauser, 2007). However, the
efficiency was reduced to 30% at 45% hematocrit. They used high-aspect ratio
microchannels (h = 20 µm and 50 µm, w = 14 mm) operating at flow rates of 2 and 5
mL/min. Flow rate ratio in the two take offs was manipulated to achieve RBC depletion
via purely hydrodynamic effects of plasma skimming, a phenomenon observed at
bifurcating regions of microcirculation sometimes called the Zweifach-Fung effect. Zahn
et al. have used the bifurcation law, which states that in microcirculation red cells flow
into a daughter vessel with faster flow rate, to obtain plasma with 100% selectivity while
blood cells were collected in the concentrated blood outlet (Yang, Undar, & Zahn, 2006).
Blood rheology in micro-vessels at low flow rates described earlier has been studied and
utilized to demonstrate leukocyte enrichment in pseudo 2D geometry (Jain & Munn,
2009; Jain & Munn, 2011; Munn & Dupin, 2008; Shevkoplyas, Yoshida, Munn, &
Bitensky, 2005). Geometrically enhanced Fahraeus effect has been used to extract plasma
and enriched RBC fraction in a microfluidic device (Faivre, Abkarian, Bickraj, & Stone,
2006). Geometric filtration structures embedded in the flow channel, e.g. pillars, comb
and weir type filters have also been used for size-based exclusion of blood cells and
separation of plasma. A common feature of these microfluidic separations is that height is
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of the order of a cell diameter so that a single layer of red cells can effectively marginate
the WBC towards the lateral wall and this size scale limits use of high flow rate with
whole blood. Microfluidic applications are required where specific cells are of interest
depending on diagnostic or research interest and small sample volumes of blood are
desired.
One of the major concerns with regard to practice of transfusion medicine is lack of
donor availability. This problem is compounded as new tests and more restrictive rules
for donor eligibility emerge. Additional shortcomings with storability of blood products
have prompted the medical and life science professionals to explore alternatives such as
RBC substitutes for oxygen delivery, artificial platelets, or RBC amplification via exvivo expansion of erythroblasts a red cell precursor. While blood substitutes have not yet
been clinically successful, the ex-vivo expansion technique produces cells in numbers
adequate for safety studies (Migliaccio, Masselli, Varricchio, & Whitsett, 2012). Bhatia
et al. have demonstrated direct transformation of human skin cells to blood progenitor
cells capable of producing all three types of cells (Bhatia et al., 2010). Both techniques
have great potential for patient-specific autologous cell therapies but optimization for
numbers and rigorous clinical testing will take a good amount of time (probably over a
decade) before they can be tested for transfusion in humans. Therefore, the medical need
to obtain blood cells in numbers required for a transfusion product is a current one.
An opportunity exists to study whole blood fractionation at a scale needed to
process large volumes of blood (in range of 1-2 standard blood units). Some of the force
fields sought to use independently or in combination to achieve whole blood component
fractionation and enrichment are discussed in next three sub-sections.
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Ultrafiltration and Acceleration. Separate studies have demonstrated that
ultrafiltration in hollow fibers for high-flux dialyzer, hemoconcentrators, or blood
oxygenators can provide strong separations. Mockros et al., (1990) had previously
demonstrated the feasibility of harvesting a significant proportion of circulating platelets
from hollow fiber hemofilter (an ultra-filtering device with 13,000 fibers, each 200 μm
internal diameter) and return it to patient after surgery. Collected platelets had similar
levels of activation and function as those collected in traditional way. The flow rates used
by them were typical of hemofilter operation parameters, ranging from 100 – 300 ml/min
for inlet blood flow rate and 48 – 85 ml/min for ultrafiltration flow rate. Function of this
technique was thought likely because of an earlier work by Drake and Eckstein (1981)
who showed that individual hemofilter fiber walls exhibit elevated platelet concentration
(over feed reservoir concentration) for many ranges of inlet flow rate, ultrafiltrative flow
rate, and fiber dimension. They also likened the platelet polarization in individual fibers
to the concentration polarization of proteins. The fibers used by them had lumen
diameters of 210 μm or 350 μm with blood flow rates in the range of 15 – 140 μl/min.
The corresponding shear rates ranged from 87 – 1150 sec-1.The ultrafiltration rates were
in the range of 2 – 50% of inlet blood flow rates. Their results indicate a complex
dependence of fiber platelet concentration on inlet wall shear rate and ultrafiltration rates.
Platelet concentration was elevated for shear rates > 300 sec-1 and for a given
ultrafiltration flow rate, it was maximum for intermediate shear rates (400 – 550 sec-1).
We next review the theory of mass transfer and cross-flow filtration as applied to (whole
blood) suspension of solutes (proteins, ions, minerals) and blood cells.
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As solutes/suspended particles are carried by the convective fluid to the surface of
filter membrane, the concentration of particles, rejected by the membrane, gradually
builds up at the membrane surface forming a cake-layer. As the build-up increases the
permeate flux decreases with time and ultimately reaches a steady state value that is
independent of transmembrane pressure. If the cake-layer thickness increases sufficiently
the permeate-flux may reach zero. Tangential-flow mode minimizes and maintains a
constant cake-layer thickness if sufficient shear is exerted by the incoming fluid, which
removes the retentate continuously from the channel. The accumulation of excess solute
at the membrane surface (Cw) compared to that in the bulk flow (Cb) is known as
concentration polarization. The gradient of solute concentration thus created generates a
movement of the solute, characterized by a diffusion constant D, away from the
membrane into the bulk flow. Schematic of this phenomenon is shown in Figure 2. For a
fully retentive membrane the steady state permeate flux is given as:

(1)

where k = D/δ is the mass transfer coefficient, D is the solute Brownian diffusivity, and δ
is the concentration boundary layer thickness. The equation for laminar flow mass
transfer coefficient, k, is given by an analytic solution (Graetz-Leveque) of the governing
mass transfer equation using the boundary conditions in concentration boundary layer
(Leveque, 1928; Zeman & Zydney, 1996):
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(2)

where

is the shear rate at membrane surface. While the concentration polarization

model predicts the permeate flux (J) for solutes and accounts for the back transport by
diffusion, it fails to correlate the increased flux observed during particle filtration with
increasing cross-flow rates (characterized by the wall shear rate

) (Porter, 1972).

Reduced Brownian diffusivity D, due to increase in particle size, implies that permeate
flux should decrease. This anomaly has been attributed to two phenomena: (a) Shearinduced diffusion due to inter-particle interactions; and (b) Inertial lift force acting away
from the wall generated due to velocity gradients.

Figure 2. Schematic representation of concentration polarization model showing the
solute concentration gradient within the boundary layer thickness δ. Material balance in
this region occurs via convective and diffusive solute transport as the bulk solution flows
(Harrison, Todd, Rudge, & Petrides, 2002).
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Scaling Relations for Inertial Lift. As the flow velocity is increased, the resultant
wall shear stress induces a lift force on a particle which prevents it from settling onto the
membrane surface. This force-flow balance is assumed to also occur for a suspension
flow. Also the balance is assumed to be unaffected by small amounts of ultrafiltrative
flux. This inertial lift induces lateral migration away from the wall and has been referred
to earlier as tubular pinch effect. In steady state situation the inertial lift force (FL)
opposes the viscous drag (FD) on particles due to the ultrafiltrative flux of permeate
through the membrane. This balance of events produces a steady state inertial migration
velocity (VL) for laminar flow along the membrane surface, which is given for a slit
channel by (Belfort, Davis, & Zydney, 1994)

(3)

In this model the drag force (FD) on a particle associated with permeate flux is given by
the Stokes equation as

(4)

Here ρ is the suspension density, μ is the dynamic viscosity, rp is the particle radius.
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Scaling Relations for Shear-Induced Diffusion. At steady state, convective flux of
particles towards membrane is balanced by back diffusion of particles towards the lower
shear region. Laterally directed differential diffusive motions for different particle types
that occur in ultrafiltrative boundary zones and membrane flux are explained by shearinduced diffusion theory, proposed by Zydney and Colton (1986), for particles in range
0.5-30 μm and summarized below.
As discussed earlier, on rheology of blood and suspension flows, particles in
concentrated suspensions experience net lateral migration as a result of shear gradients as
wells as inertial collisions with other particles. The configuration of particles changes
erratically in the continuing shear flow, and so many researchers have described the net
particle migration by an effective diffusion coefficient. Eckstein et al. investigated the
self-diffusion of spherical particles in a shear flow of concentrated suspension and
correlated the shear-induced diffusion coefficient, DS, to the square of particle radius and
first power of shear rate (Eckstein, Bailey, & Shapiro, 1977).

(5)

where

is wall shear rate (at membrane surface in case of ultrafiltration),

is particle

radius and f (φ) is a dimensionless function of particle volume fraction φ. The values of
the function chosen by (Zydney & Colton, 1988) are:
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(6)

Zydney and Colton (1986) proposed a model, based on concentration polarization model
for dissolved solutes, to describe the filtrate flux in cross-flow filtration of particulate
suspension. Replacing the Brownian diffusivity for dissolved solute, in the expression for
mass transfer coefficient k, by effective particle diffusion coefficient, DS, they got

(7)

where L is the length of flow over the membrane. The above form of mass transfer
coefficient shows a stronger dependence on wall shear rate.
Electrical Manipulation of Blood Cells. Two electrical forces often used for cell
manipulation at microscale are electrophoresis and dielectrophoresis. EP forces scale in a
linearly inverse manner with length (1/L) while DEP forces scale as 1/L2. Hence these
forces become important and are easily achieved at low voltages in microscale systems
especially those that approach cellular dimensions. Electrophoresis refers to migration of
charged particles under the influence of electric field. A negatively charged particle
moves in the direction opposite to the electric field. The electrophoretic force
experienced by a particle carrying net charge (q) is given as:

(8)
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The migration velocity (ue) under the influence of an electric field depends on the
electrophoretic mobility (μe) and the two are related as

(9)

It is common knowledge that blood cells possess net negative surface charge. The
electrophoretic mobility of old red cells was observed to be reduced with aging, a
phenomenon related to the loss of surface charge. We seek to use this difference to
provide a differential electrophoretic force to the cells as they accumulate near the
ultrafiltration membrane. The estimate of migration velocity for a normal RBC is
provided in Table 4. However, the expected migration velocities will be much lower and
this is attributed to the presence of electrical double layer around the cells suspended in
plasma (which is rich in electrolytes). Levin et al. (1983) provide a further discussion of
how the net surface charge of cells is screened by the ionic species in plasma and
contribute to reduction in observed electrophoretic mobility.
Dielectrophoresis refers to the motion of polarizable particles in response to a
non-uniform electric field. The magnitude of the induced dipole, and hence the DEP
force, depends on the polarizability of the particle with respect to the suspending
medium, which itself depends on its electrical permittivity and conductivity as well as the
strength of electric field. The time averaged DEP force is give as (Voldman, 2006):

(10)
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where rp = particle radius, εm is the permittivity of medium, K(ω) is the ClausiusMossotti (CM) factor and E is the electric field. The Clausius-Mossotti factor is a function
of complex permittivity and is given as

(11)

where

and

are complex permittivities of the particle and medium, respectively and

both depend on conductivity (σ) of the suspending medium. If a suspended particle is
more polarizable than the medium (εp* > εm*), then K (ω) > 0 and the DEP force will
push the particle toward regions of higher electric field (positive DEP). If the medium is
more polarizable than the particle, then particle is driven toward regions of low field
strength (negative DEP). Past works on blood cell separation using DEP have involved
dilute blood samples with low conductivity and cells are subjected to positive DEP thus
manipulating the cell paths towards desired outlets (Pohl, 1978; Pommer et al., 2008;
Tsoneva, Zhelev, & Dimitrov, 1986). Whole blood is a highly conductive medium (σ =
17 mS/cm) and the real part of the CM factor for the blood cells at this conductivity is 0.5 (Han & Frazier, 2008; Voldman, 2006). Figure 3 below is a graph of real part of CM
factor as a function of electric field frequency at high and low solution conductivity
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Figure 3. The real part of CM factor as a function of electric field frequency at high and
low solution conductivities. Figure from (Voldman, 2006)

The converging channel design as well as the AC electric field provides a nonuniform electric field across the smaller dimension of the channel (transverse to flow
direction). Blood cells are expected to experience a negative DEP force and therefore in a
parallel plate electrode arrangement, the red cells should move away from the channel
walls as they get repelled from regions of strong electric field near the electrodes. Figure
4 shows a schematic of negative DEP force acting on RBC.

FDEP
FDEP

Figure 4. Schematic of negative DEP force acting on RBC in an AC-electric field.
Adapted from (Gossett et al., 2010)
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Both electrophoretic and dielectrophoretic forces are small and the purpose to use
them here is to compliment the shear induced diffusion by providing a “directed nudge”
away from the membrane surface. Since younger cells have greater electrophoretic
mobility they are expected to move out towards the opposite wall first or more strongly.
DEP forces scale with the particle radius cubed and square of electric field and therefore
younger red cells being larger in size should experience greater DEP force.
Inclined Sedimentation. Sedimentation is commonly used in mineral processing
industry for separation of particles from the suspending fluid according to their size and
density. The settling velocity or the terminal velocity of a particle varies as square of
particle size and linearly with density difference between the particle and suspending
fluid. All the blood cells are denser than the suspending plasma (see Table 2). Also at
higher volume fraction of suspended cells, they do not settle as individual units leading to
retardation in settling velocity. The inter-particle interactions and increase in viscosity are
two events that are used to account for this hindered settling. It is common knowledge
that sedimentation of cells is enhanced in inclined configurations and is known as
Boycott effect, after the name of the physician who observed faster sedimentation of
blood cells in tubes that were inclined at an angle compared to vertical tubes. This is
attributed to shorter settling distances and availability of greater area for sedimentation.
The fall of particles is balanced by the rise of less dense plasma (Probstein, 2003).
Inclined sedimentation has been combined with the inertial lift associated with wall
effects in sheared flows to develop a technique for particle elutriation on the basis of their
density and which is independent of particle size (Galvin & Liu, 2011). Their technique,
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however, depends on large density differences between the particles to be separated and
also between the particle and suspending fluid density.
In our case the density differences between the red cells and plasma is not large
and among the blood cells the density differences are small. Also the blood cells
dimensions are two orders of magnitude smaller then particles elutriated by Galvin and
Liu (2011). Yet we attempted to explore the reduction in hindered settling due to the
inclination of channel and if the minor differences in cell densities cause them to spatially
redistribute and segregate in the cross section as they descend with respective settling
velocity.

35

CHAPTER 3
TEST APPARATUS, METHODS, AND EXPERIMENTAL DESIGN
Introduction
Flow-filter devices and their tests were designed using the expected differential
responses of specific cell types and sub-cell populations in applied energy gradients. The
designs aimed to achieve a lateral re-organization of selected items via mechanisms
discussed earlier, which include: (a) convective acceleration in a converging zone; (b)
ultrafiltration-induced lateral motion of cellular elements towards the wall and
subsequent shear-induced diffusion away from wall; (c) electrophoretic motion of
charged cells; and (d) inclined device. Often these responses were examined at dilute cell
concentration (2% hematocrit) because initial experiments at higher hematocrits did not
reveal a preferred operating mode.
These experiments were performed using rectangular channels with low aspectratios (height: width = 1:10 to 1:18); with and without a converging section followed by a
bifurcation (see Figures 6 and 7). The low aspect ratios allow achieving values of wall
shear rates (> 300 s-1) that are prevalent in high-flux blood transport devices such as
hemofilters and dialyzers at low flow rates and yet using a limited amount of blood for
individual experiments. Low aspect ratio mocks a two-dimensional situation where there
are no lateral edges. The axial flow development also occurs in shorter length with low
aspect ratio; they also avoid the end effects associated with lateral channel walls, inlet,
and the outlet bifurcating regions of channel as flow attains steady state minimizing the
complexity associated with pressure gradients and stagnation points.
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Sheet electrodes were mounted externally, parallel to the wider dimension to induce
fields across the channel height. Blood was drawn through the channel using syringe
pumps in withdraw mode; samples were collected from the two outlets and analyzed for
RBC and WBC count; and/or mean RBC volume (MCV) to identify any reticulocyte
enrichment.
Estimation of Events and Relative Forces
To make an order of magnitude estimate of device dimensions and force-fields we
begin with the known parameters of medical devices that used the similar technology and
published models of mass transport in suspension flows accounting for cell-cell
interaction and hydrodynamic forces. Physical properties of blood cells, summarized in
Table 2, are an important differentiator in their responses to external forces.

Table 2
Physical Properties of Blood Constituents
Material

Density (ρ)
3

Volume (V)
3

Size (ap)

Viscosity (μ)
(mPa-s)

(Kg/m )

(μm )

(μm)

Erythrocytes

1130

88

7.7 x 2.8

Leukocytes

1070 – 1090

460

10

Platelets

1070

5.17

3

Plasma

1030

0.0012

Whole Blood

1054

0.003

Channel dimension and flow parameters (wall shear rate, ultrafiltration flow rates)
were estimated based on studies with individual hemofiltration fibers exhibiting enhanced
tubular concentrations of platelets (Drake & Eckstein, 1981). Demonstration of
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harvesting of autologous circulating platelets without appreciable activation in
ultrafiltering devices used by the Mockros group (1990) also provided operations with
clinically permissible shear rates like those used by Drake and Eckstein (1981). Common
shear rates chosen for these experiments ranged from 300-1000 sec-1 in rectangular
geometry. Typical flow parameters for a parabolic flow in a rectangular channel with
height (h) = 250 μm and width (w) = 3 mm are show in Table 3. The wall shear rate,
channel Reynolds number, and particle Reynolds number for flows in rectangular channel
are given as

(12)

(13)

(14)

Table 3
Flow Rate Parameters in the Main Channel (3000 X 250 μm)
Q (ml/min)

Wall Shear rate
γw (sec-1)

Channel Particle
Rec
Rep

Average flow
velocity, Um (m/s)

0.5

270

2.7

0.004

0.02

1

530

5.4

0.009

0.03

1.5

800

8

0.013

0.05

2

1070

11

0.02

0.07
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Scaling laws for hydrodynamic forces such as shear-induced diffusion, inertial
lift, viscous drag, Brownian diffusion; electrokinetic forces; and gravitational forces were
discussed in the previous chapter. These laws were used to obtain estimates of their
magnitudes and characteristic time-scales for particles with characteristic dimensions of
blood constituents (cells and proteins). Forces for a typical particle radius rp = 1 and 5μm
and the characteristic velocities associated with them are presented below in Table 4.
Results are shown for physical properties of blood cells shown in Table 2 and flow
operating conditions in Table 3: Um = 10-2 m/s, μ = 0.003 Pa-s, γw = 650 sec-1, T = 300 K,
ρ = 1054 kg/m3. Net charge on RBC (q) was estimated to be of the order of 10-12 C from
the total surface area (A) and surface charge density (σ) values for RBC (Abramson &
Moyer, 1935; Levine et al., 1983). Velocity estimates for RBC were obtained using the
total electrophoretic mobility which for normal RBC is of the order of 10-5 m/s/V/cm
(Angers & Rottino, 1961; Chien & Jan, 1973; Yaari, 1969). Levine et al. (1983) predicted
significantly smaller electrophoretic mobility of human erythrocytes than those based on
classical Smoluchowski relation. These reductions were attributed to screening of RBC
surface charge by the solvent ions.
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Table 4
Particle Force Parameters and Associated Characteristic Velocities
Magnitude and direction

Characteristic velocity
(m/s)

Entity
Axial
Shear-induced diffusion

rp= 1μm

rp = 5μm

↑10-12

10-8

10-6

↑10-13

10-9

10-7

Um

Um

10-6

10-5

Lateral

10-10 (φ < 0.2)
10-9 (φ >0.2)

†Brownian diffusion

10 -14 – 10-12

*Lift force (N)
FL =
**Lift force (N)
FL = 6πμrpVL

Stokes drag (N)
FD = 3πμapUm

←10-9

Settling force (N)
Fg = ρpVg

↓10-12

Electrophoretic force (N)
10-10

Fe = qE

DEP force (N)
Fdep=2πr3εmRe[k(ω)]ΔE2

For RBC

10-5

10-14 – 10-15

*Based on Asmolov’s relation for suspension flows in slit channels (Asmolov, 1999)
**Based on inertial migration velocity (VL) for flow along porous membrane (Zeman & Zydney,
1996)
†Brownian motion is in random direction.
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Flow-Filter Design
The diagram below (Figure 5) depicts the iterative process, divided into four phases,
that was followed for design and fabrication of single stage flow-filter prototype. Phase 1
involved estimation of channel dimensions, inlet flow rates, and ultrafiltration flow rates
for initial tests and analysis based on shear rates from published work of Drake and
Eckstein (1981) discussed in previous section. Phase 2 is fabrication of flow-filter
prototype that involves design of single stage flow filter and various parts of the mold
assembly using AutoCAD and SolidWorks. Such a stage with bifurcating take-offs is
shown in Figure 6.

•Estimation of events
from published work:
Shear stress, Inlet flow
rate, UF rate, shearinduced diffusive
flux,electric field

1

•AutoCAD/SolidWorks
•Machining Mold Parts
•Master Mold Assembly
•PDMS/Epoxy Cast
•Channel assembly

2

Device
Design Idea

Flow-Filter
Prototype

Design Reevaluation

Experimental
System

•Experimental
measurements/observati
ons: cellular enrichment,
hemolysis

3

4

•Establish flow rates,
ultafiltration and
Electric field
•Sampling and Analysis
methods

Figure 5. Process diagram for design and fabrication of flow-filter prototype.
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Figure 6. Single Stage channel design for PDMS flow-filter device.

A single-stage channel provides a means to direct blood into a region where lateral
reorganization is induced by applied energy gradients. As typical for an engineering
enrichment process, take-offs from earlier stages would lead to later stages, which would
feed the blood products into two final flows. One with the possibility of returning the
components not desired (plasma, WBC, platelets and old RBC) back to the donor and
other to be collected as neocyte/RBC enriched product.
Phase 3 and 4 involve the experimental trials and observations which are
described in chapter 3 and chapter 4. Two fabrication methods are discussed here – (1)
Silicone replica technology using Poly-Dimethyl-Siloxane (PDMS) with embedded
membrane and electrode, and (2) Box-bottom molds with low viscosity epoxy, which led
to the next design of flow-filter and experimental set-up. Iterative loops about the process
diagram in Figure 5 were used for both fabrication methods. Primarily the successful
aspects are reported here.
Design of PDMS Channel. For preliminary studies (described in chapter 4) the
device consisted of a straight channel with a tapered region for convective acceleration
(higher local flow rate). The parameters that specify the geometry of the channel are
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shown in Figure 6 (not drawn to scale). The tapered zone included externally mounted
electrodes, and an ultrafiltrative wall at the bottom surface. The channel cross section was
rectangular throughout its length (L1 + L2). Then it split into two rectangular branches at
a bifurcation for sample collection. The expected compositions of blood, as per
hypothesised prinicple of device, in these branched channels are shown. The upper
branch is expected to yield a fraction enriched in young-RBC (Y-RBC) while lower
branch should yield a fraction enriched in older RBC/WBC and platelets. The research
effort here involved feasibility study of design and fabrication of microfluidic channel
using PDMS and achieving the flow operating conditions (specific aim 1). The inlet
region of 10 mm length (L1) was 250 ± 15 μm in height (H1, z-direction) which tapered
over a length (L2) of 10 mm in the ultrafiltering zone, represented by the shaded region,
to a final height (H2) of 175 ± 15 μm. The lengths (L3) of the two take-off branches were
5 mm. The width (w, y-direction) of the channel throughout its length was 3 mm. An
electric field (DC/AC) was applied across the tapered region. The experimental
conditions (described in chapter 4) included varying velocity flux in these take-off
branches via geometric spacing (branch height ratio h1:h2) as wells as flow rate control
via syringe pumps.
Design of Epoxy Channel. The casting and assembly of an operational disposable
PDMS channel with insert molding of membrane filter had its limitations, as we discuss
later in results section, and ultimately, the sheer number of channels that needed to be
fabricated for collecting sufficient data made it an impractical choice unless
manufacturing methods were developed. Nevertheless, devices of this type provided for
an estimate of relative forces required to operate the experiments. Subsequently, an
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alternative method of channel fabrication and assembly was adopted as were slightly
modified design features. The new design lacked the converging region (primarily due to
difficulty in machining) and consisted of a straight channel of rectangular cross section
that splits into two branches at a Y-shaped bifurcation. The Y-shape bifurcation offered
an advantage of reduced stagnation effects over previous design. The parameters that
specify the geometry of the channel and bifurcation are shown as a side view in Figure 7.
The lengths of the main channel and the two downstream branches were 17 mm and 4
mm, respectively. The height (H) of main channel was 160 ± 20 μm. The branching
angle at the bifurcation was 45 degrees with respect to the axis of symmetry. The branch
heights were identical with h1 = h2 = 80 μm. The width (w) of the channel throughout its
length was 3 mm.

Figure 7. Design parameters for single stage epoxy channel.

Materials
Delrin acetal sheet used for the channel templates and mold parts was purchased
from SmallParts (Seattle, WA). The two-part Sylgard 184 silicone elastomer kits used for
casting PDMS channel parts and connectors were obtained from Krayden Inc.
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(Westminster CO). Adhesive sealant DOW CORNING® 3145 RTV MIL-A-46146 was
purchased from Ellsworth Adhesives (Germantown, WI). Two-component, optically
clear, low viscosity epoxy system was purchased from Epoxies Etc… (Cranston, RI).
Plastic shim stocks (50 μm, 100 μm, and 125 μm thick) used as mold for bifurcating
outlets, and stainless steel 304V wire (0.01” and 0.05” OD) used for casting Tconnectors were purchased from SmallParts Inc. Various PTFE luer-lok, gas tight,
precision glass syringes (100 – 1000 μL) were purchased from National Scientific
Company (Rockwood, TN). NE-1010 high pressure syringe pumps used for establishing
the flow and sample collection were purchased from New Era Pump Systems, Inc.
(Wantagh, NY). The BASi Bee syringe drive and controller to establish ultrafiltration and
plasma collection were purchased from Bioanalytical Systems Inc. (West Lafayette, IN).
Tygon tubing (1.52 mm ID) for collecting blood fractions was obtained from ColePalmer (Vernon Hills, IL). The hydrophilic polyethersulfone (Supor® 200 PES, 0.2 μm)
membrane filter was a gift of the Pall Corporation (Pall Life Sciences, Ann Arbor, MI). A
dual 30V + 5V DC Power Supply (Web-tronics from Circuit Specilaists Inc., AZ) and
FG-7200 2C function generator (EZ Digital Co. Ltd., Korea) along with TDS 310
oscilloscope (Tektronix Inc., Beaverton, OR) was used to establish DC or AC electric
field, respectively, across the channel.
The whole human blood used in this study was donated by Key Biologics, LLC
(Memphis, TN), a provider of cells and blood components derived from human blood.
The anti-coagulant of choice was EDTA, which has a distinct advantage over other anticoagulants since it does not affect the morphology of bloods cells when present in
optimum concentration (1.5-2.2 mg/ml) and it does not have significant effect on blood
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count parameters (Bain, 2006). Also EDTA is known to prevent platelet activation and
clumping (Doig & Maedel, 2007; McShine, Sibinga, & Brozovic, 1990).
Fabrication and Assembly of PDMS Flow – Filter
Fabrication of channel parts followed established methods of soft-lithography.
The first stage involved machining of a master template out of a delrin block and replica
molding of two channel halves using Poly-Di-Methyl Siloxane (PDMS). The PDMS
(Dow Corning Sylgard® 184.) used is supplied in two components, a base polymer and a
curing agent. Two parts were mixed together vigorously for approximately 3 minutes
(ratio of 10:1(w/w) base: curing agent). Then the prepolymer mixture was degassed in a
desiccator under vacuum for one hour to remove air bubbles and to ensure complete
mixing of two parts (Whitesides et al., 2000). The procedures for casting and assembling
the PDMS channel are shown in Figure 10.
The molded top half contains the main channel with two outlet branches as shown
previously in Figure 6. The delrin template and plastic shim stocks were sprayed with
beeswax (The Original Bee’s Wax), allowed to dry for an hour, and then polished
smooth. The bottom outlet is cast by a plastic shim glued by beeswax onto the surface of
master template and upper outlet is cast by plastic shim stock held against the step on the
master template by cantilever action as shown in Figure 8. A PDMS coated steel shim
stock (10 mm x 4 mm x 0.1 mm) was used as an electrode insert in the top half; it was
positioned to form a roof over the tapered section of channel. A steel shim stock was cut
in an L-shape and the side facing the template was coated with PDMS to a thickness of
approximately 100 μm. A clamping mechanism was devised to hold the PDMS coated
electrode over the tapered section of channel. With the electrode clamped in place, the
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degassed PDMS prepolymer was poured over the mold (Figure 10a) and allowed to cure
overnight at 70° C in a convection oven (Isotemp, ThermoFisher, MA). Care was taken
to remove any bubbles underneath and around the shim stocks and PDMS coated
electrode. After curing the PDMS, the cast part was removed from the mold. The space
created by the clamp on top of the electrode was filled with more PDMS and allowed to
cure at 70° C for an hour. This casting formed the top half of the channel (Figure 10b).

Figure 9. Mold assembly for casting
PDMS channel bottom half.

Figure 8. Mold assembly for casting
PDMS channel top half

The bottom half is a PDMS block cast against a flat delrin template in an
assembly as shown in Figure 9. A polyethersulfone membrane (Unsupported PES,
Supor®, 0.2 μm pore size, 130 μm thick from Pall Corporation or 0.22 μm pore size PES
membrane from Millipore) functions as an ultrafiltrative wall of channel in the bottom
half. A 50μm thick plastic shim with a slot (2 mm x 8 mm), which served as the filtrate
chamber to draw off the plasma, was glued to the membrane. The membrane-shim
assembly was clamped, with plastic shim facing up, onto the surface of flat delrin block.
The PDMS prepolymer mixture was poured and casting was performed against this
47

master in steps similar to the one described for top half (Figure 10c). The removable
clamp acted to preserve the space above the slot in the plastic shim, which acts as a
filtrate chamber (Figure 10d).
Each single stage device was assembled following these steps. The two channel
halves were cleaned with acetone, followed by 70% ethyl alcohol and de-ionized (DI)
water. Care was taken to avoid membrane wetting. The PDMS blocks were then dried
with Argon gas and put in vacuum desiccator to remove any residual water molecules.
After cleaning, each half was treated with air plasma (Plasmaflo from Harrick Plasma,
Ithaca, NY) for 2 minutes. After plasma treatment, a thin layer of silicone based adhesive
sealant (DOW CORNING® 3145 RTV) was applied to the mating surfaces and the two
halves sealed together (Figure 10e). A copper mesh (100 μm thick, 175 μm openings
from TWP Inc, CA) was glued to an acrylic block machined to fit the space above
filtration chamber. The acrylic block had a (UF) port for tubing (0.02” ID, 1/16” OD)
connection that leads to a syringe pump for controlling ultrafiltration rates. Cylindrical
cores were punched out using Harris Uni-core (Ted Pella Inc., Redding, CA) centered on
the two take-off outlets for inserting peek tubes. The internal diameter (ID) of the tubes
matched the hydraulic diameter of branching outlets (Figure 10 f). T-connectors, cast
using PDMS, with passages matching the ID of PEEK tubing (IDEX, WA) were used for
connecting the channel outlets to a set of four syringe pumps as shown in the schematic
of assembled channel (Figure 10g).
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a) Delrin mold setup for PDMS cast with
electrode and shim stocks to define outlets

c) Mold setup for PDMS cast with filter
insert and filtrate chamber

Cure Overnight at 70°C

Cure Overnight at 70°C

Membrane Filter

b) Top half with bifurcations

Filtrate Chamber

d) Bottom half with filter insert

e) Two channel halves were plasma treated and sealed

f) Copper Mesh glued to an acrylic
block used as filtrate chamber cover

UF Port

Blood Inlet

To Sampling Syringe

To Syringe
Pump
To Sampling Syringe
To Syringe Pump

g) Schematic of assembled channel with tubing connectors
Figure 10. Fabrication and assembly of PDMS channel halves and a test device.
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Experiment Setup – PDMS Flow Filter
An experimental setup was designed to minimize the lengths of fluidic connections
as depicted in the figure below (Figure 11).

Stirrer
Driver

Reservoir

Inlet Line

T - Connectors
Ultrafiltration Line

Sampling Syringe
Main
Syringes

PE Tubing

Figure 11. Experiment setup and fluidic connection for
PDMS flow-filter prototype.

A reservoir filled with Isoton II diluent was connected to the inlet port of the
channel. Two PEEK tubings (OD 1/16 in. x ID 0.010 in.) were bent into an L-shape by
heating them to 90° C in oven. These tubes were used to connect the channel outlets to T50

connectors by using compression seals because the holes in PDMS constructs were
smaller than the outer diameter of tubing. Additional silicone coating (One-part, highviscosity, clear, DOW CORNING® 3140 RTV) was applied at connecting points to
ensure leak-free seals. Suction flows induced by the syringe pumps act to bring the parts
together. The additional silicone coating prevents even small intrusion of air. One port of
each T-connector was connected to a 500 μL sampling syringe via a 23 gauge needle and
the second port was connected to the 10 mL syringe via a polyethylene (PE) tubing (OD
1/16 in. x ID 0.02 in) which conforms to 23 gauge syringe needle. The UF port was
connected to the Baby Bee syringe pump using PE tubing (OD 1/16 in. x ID 0.02 in) and
Tygon tube (ID 0.0556 in.).
PDMS Flow Filter Operation and Sampling
A layout of the flow-filter operation and sampling is shown below in Figure 12. To
begin removing air, the channel and flow lines were primed with Isoton II (diluent used
for Coulter – counter analysis) before connecting to the syringes. Diluent was propelled
through the channel and flow lines by applying a gentle pressure on flexible dome of the
reservoir cap. Once the channel and flow lines were primed, the reservoir cap was
loosened.
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Figure 12. Operation diagram for single stage PDMS flow-filter prototype.

After priming, syringes (pumps 1, 2, 4, and 5, Figure 12) were connected to outlet
tubings and ultrafiltration line was connected to a 1 mL syringe (pump 3, Figure 12). The
diluent in the reservoir was replaced with human whole blood stirred by a motor bearing
a magnet which caused a stir bar to wobble gently (Instech Lab Inc., PA). One NE-1010
single syringe pump and Baby Bee pump were used in withdraw mode to establish flow
of blood in the main channel and plasma in ultrafiltration line, respectively, at desired
volumetric flow rates. At least 50 channel volumes of startup flow were provided
(typically 1 minute) for cell distribution to develop under the influence of convective
acceleration, ultrafiltration and/or electric field before collection of samples. At the time
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of sample collection the flow lines to main syringes were clamped using hemostats, main
pumps (1 and 2) switched off and sampling syringe pumps (4 and 5) were turned on
simultaneously. Approximately 100 μL of sample was collected from each outlet and
transferred to micro-centrifuge tubes. Whole blood from the reservoir was replaced with
Isoton II and channel was flushed clean. Sampling syringes were replaced and fresh
whole blood was put in the reservoir to run the experiment for a new condition.
Samples for each outlet were analyzed for WBC and RBC count using standard
protocol for Z2-Coulter Counter (Beckman Coulter, CA). A 1:500 dilution for WBC was
prepared by mixing 40 μL of blood sample into 20 mL of Isoton II diluent. Two hundred
μL of this sample was removed and mixed into 19.8 mL of Isoton II diluent to prepare
1:50,000 dilutions for RBC. WBC and RBC count were obtained with recommended
settings of Coulter counter (Z Series Manual).
Fabrication of Epoxy Flow – Filter
As previously stated, an alternative method of channel fabrication and assembly was
adopted with modified design features. The second design consisted of a straight channel
of uniform rectangular cross section, without a converging zone, that split into two
branches at a Y – shaped bifurcation. The channel was cast as two parts using optically
clear, low viscosity epoxy (20-3302 LV, Epoxies etc.) that was supplied as separate
portions of resin and hardener (including catalyst). The mold assembly consisted of four
blocks machined out of delrin plastic – a channel template (Figure 13) and three
surrounding walls (Figure 14a and 14c).
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Figure 13. Delrin template for casting epoxy channel parts.

The epoxy resin and hardener were mixed together vigorously (up to 5 minutes) in a
volume ratio of 10:6. This prepolymer was degassed in a vacuum dessicator for
approximately 15 minutes to remove air bubbles. All delrin blocks were left for an hour
with spray of silicone-based lubricant and then polished smooth. To cast the channel part
A (Figure 14a), a 100 μm thick steel electrode was pre-coated with epoxy (thickness of
epoxy layer was approximately 50 μm on the side facing the template). The prepolymer
mixture was poured into the mold assembly and electrode-epoxy block was held on top of
the channel template by interfacial adhesion energy. The casting was allowed to cure at
50 ° C for 72 hours in a convection oven. Channel part B was cast in a similar manner
without the electrode as shown in Figure 14c. This part was machined to create a space
holder for membrane filter and electrode. The PDMS coated electrode, filtrate chamber
and membrane were aligned and stacked in this space holder as per the scheme shown in
Figure 14e.
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(a) Mold assembly for part A

(b) Part A with fluid inlet port

(c) Mold assembly for part B

(d) Part B with inlet and UF port

0.004 in. Shim
PES Membrane

0.002 in. Shim
PDMS coated
Steel Electrode

(e) Stacking scheme for membrane, filtrate
chamber and electrode

(f) Part B with filter and electrode

Figure 14. Steps for casting and fabrication of epoxy channel parts.

The channel parts, A and B, were cleaned with 70% ethyl alcohol and rinsed with
DI water. The two parts were aligned and fit on top of each other using a key. A
triangular outlet was machined out of polycarbonate block with ports to fit with the outlet
branches. A thin layer of vacuum grease was applied to all the three blocks and clamped
together for sedimentation and ultrafiltration experiments as shown in Figures 15a and
15b.
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Inlet Port

Recirculation Port

Inlet Port

Electrode

Outlet Ports

(a)

Recirculation Port

UF Port

Outlet Ports

(b)

Figure 15. Channel assemblies for inclined flow (a) and ultrafiltration experiments (b).

Sample Preparation
Human blood was collected in EDTA by venipuncture from a healthy individual
and stored overnight in refrigerator at 4° C. On the day of experiment, blood was diluted
by adding phosphate buffered saline (1X PBS, sterile, pH 7.4) to obtain blood suspension
of 2% or 20% hematocrit. The blood suspension was analyzed along with collected
samples for cell counts and distribution
Experiment Setup and Operation – Inclined Channel
Experimental Layout for Inclined Flows. A layout of the experiment set up with
inclined channel is shown below in Figure 16. Experiments were conducted at 0 and 45
degree inclination. Fluidic connections from reservoir to inlet port was made using FEP
tubing (OD 1/16 in. x ID 0.02 in.). Two FEP tubes (1 inch long) were fit and sealed with
glue into the outlet ports. A set of Tygon tubes (ID 0.0559 in. and 15 mm long) was used
to connect the outlet tubes to a set of two 10 ml syringes run in a withdraw mode using
NE 1010 single syringe pump. A magnetic stirrer was used to keep the blood suspension
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well mixed in the reservoir. A peristaltic pump (Masterflex® C/L® Dual-Channel, ColePalmer) was connected to the recirculation line for pumping the fluid from inlet end to
reservoir to prevent the cells from settling onto the bottom of channel inlet.

DC Supply
Reservoir
1

Q1
QIN

2

Q2
Sample Tubing

Syringe Pump

Figure 16. Experimental setup and operation diagram for inclined flows.

Operation and Sample Collection. As before, to begin removing air, the channel
and flow lines were primed with Isoton II before connecting to the syringes. Diluent was
propelled through the channel and flow lines, vented to atmosphere, by applying a gentle
pressure on the reservoir cap. After priming, syringes (main syringe pump, Figure 16)
were connected to outlet tubings using 15 mm long tygon tubing. The diluent in the
reservoir was replaced with 2% hematocrit suspension mixed by a magnetic stirrer
(Instech Lab Inc., PA). Electrodes were connected to the Web-tronics DC power supply
with voltage set to 10 volts. One NE-1010 single syringe pump was used in withdraw
mode to establish flow of blood in the main channel at desired volumetric flow rates. At
least 25 to 50 channel volumes of flow were provided (typically 5-10 minutes) before
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collection of samples. Simultaneously at the time of sample collection the flow lines at
the outlet end were clamped using hemostat, while main syringe pump and DC supply
were switched off and the tygon tubings were clamped at the syringe end. The tygon
tubings were removed and the sample collected in each tube (approximately 200 μL) was
transferred to labeled micro-centrifuge tubes. Blood suspension from the reservoir was
replaced with Isoton II and channel was flushed clean. A new set of blood collection
tubings was put in place, primed and fresh blood suspension was put in the reservoir to
run the trial for new set of conditions. Also, a blood sample was collected from the
reservoir at the start of each trial as well as before collection of output fractions. These
samples were analyzed to ensure that reservoir conditions do not change during the
experiment run; they were also used to estimate the size of standard deviation as a
benchmark to compare variations in fractionation of the outflow samples.
Experiment Setup and Operation – Ultrafiltration
Experimental Layout for Flow with Ultrafiltration. A layout of the experiment
setup for enrichment studies using ultrafiltration is shown below in Figure 17. Fluidic
connections between main syringe pump, peristaltic pump, and flow lines were the same
as for experiments with inclined channel. A connection was also made between the
ultrafiltration (UF) port and a 1 ml syringe (number 3, Figure 17) driven by the Baby Bee
syringe pump.
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UF Syringe
Pump

Reservoir

3
Recirculation Line

QIN

Main Syringe
Pump

QUF

QRE

Q1

1

Q2

2

Sample Tubing

Peristaltic
pump

Q1 + Q2 + QUF = QIN
Tubing Clamp

DC Supply

Figure 17. Experiment Setup and operation diagram for ultrafiltration studies.

Operation and Sample Collection. The channel and flow lines were primed as
before with Isoton II before connecting to the syringes. Just sufficient pressure was
applied on the flexible domes of the reservoir cap to start the flow through the membrane
filter and thereafter a loose cap allowed the fluid to flow through under the action of
pressure head. Once all the flow lines were primed, ultrafiltration syringe and main
syringes (1 and 2, Figure 17) were connected to outlet tubings. The diluent in the
reservoir was replaced with 2% or 20% hematocrit suspension, which was mixed
continuously by a magnetic stirrer (Instech Lab Inc., PA). Web-tronics DC power supply
was used to establish electric field strength of approximately 670 V/cm with voltages in
the range of 30 Volts. The peristaltic pump, main syringe pump and ultrafiltration pump
were started in that order to establish flow of blood in the flow lines at desired volumetric
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flow rates. At least 50 channel volumes of startup flow were provided (typically ~ 1
minute; to avoid blocking of membrane filter) before collection of samples. At the time
of sample collection, the flow lines at the outlet end were clamped using hemostat
simultaneously; both syringe pumps and the DC supply switched off, and the Tygon
tubings were clamped at their syringe ends. The sample collected in each tube
(approximately 200 μL) was transferred to labeled micro-centrifuge tubes. Blood
suspension in the reservoir was replaced with Isoton II and the channel flow lines were
flushed until a clear outflow occurred. A new set of sample tubings were put in place,
primed and fresh blood suspension was put in the reservoir in order to run the experiment
for new set of conditions. One filter membrane was used for 4-6 trials that were
conducted during a day. As for the first experimental trial, a blood sample was collected
from the reservoir at the start of each subsequent trial. These samples were analyzed to
ensure that reservoir conditions did not change during the experiment run; they were also
used to estimate the size of standard deviation as a benchmark to compare variations in
fractionation of the outflow samples.
Sample Analysis
Samples for each outlet were analyzed for WBC and RBC count using automated
hematology analyzer ABX Pentra XL 80 (Horiba Instruments Incorporated, CA). The
150-200 μL of outlet samples were used for obtaining the cell counts. The cell counts for
the feed reservoir and outlet samples were normalized with respect to the reservoir
average and plotted as bar charts using Excel.
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Cleanup
After the collection of blood fractions from the two outlet tubes, all waste was
disposed in biohazard container and all non-disposables (connectors and tubings) were
rinsed using freshly prepared 20% bleach followed by a wash with 70% ethyl alcohol and
DI water. In case of the PDMS devices, they were discarded after one set of experimental
trials. In the case of the two part epoxy device, the parts and channel inlet and outlet
connectors were rinsed as before with bleach, alcohol and DI water, in that sequence. The
membrane used with Part B (Figure 14) was discarded and the PDMS coated electrode
was cleaned using a Q-tip. A new membrane was glued on top of the PDMS coated
electrode to prepare the device for next set of experimental trials.
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CHAPTER 4
RESULTS AND DISCUSSION
Introduction
The objective of these experiments was to demonstrate amounts of enrichment for
various operating parameters of a high through-put flow-filter device with goals of
yielding fractions of blood enriched in neocytes and/or RBC. Several factors known to
influence the lateral organization of cellular components were explored including shear
induced diffusion along an ultrafiltrative boundary, electrophoretic migration, axial
migration of RBC and lateral margination of WBC and platelets under convective
acceleration, and inclined sedimentation.
Exploratory Studies with PDMS Flow-Filter
Early stages of engineering study were conducted using the PDMS device as shown
in operations diagram (Figure 12) and described previously. These experiments were
performed using whole blood without any pre-processing. The hematocrit of blood
samples was typically in range of 40% - 45%. Typically a blood sample was used in three
to four trials in a day. The ratio of the flow velocity in the two bifurcating branches was
controlled by varying the height of take-offs and syringe pump flow rates. Results and
potential outcomes of these trials are discussed below.
Tables 5 and 6 show the conditions for trials conducted with flow-filter using PES
membrane from Millipore and Pall Inc. Shear rates in the range of 270-1070 sec-1 were
employed. The flow rate in the bottom take off (near the membrane) was 2.5 times of that
in top take-off. Note that, the ultrafiltrative wall in experiment 1 was not functional; so
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this trial was a means to explore the effect of convective acceleration of whole blood as it
flows through the tapered zone before the bifurcation.

Table 5
Experiment 1: Conditions with PDMS Flow-Filter with PES Membrane (0.22 μm,
Hydrophilic, Millipore) Embedded at Bottom Wall, Top Take off Height = 125 μm,
Bottom Take off Height = 50 μm, Hematocrit = 42%
Exp. 1
Trials
A

B

C

D

Top

Take off
Flow rate
(mL/min)
0.25

Bottom

0.25

Take off /
Wall
Channel velocity Shear rate
ratio
(s-1)
1
270
2.5

Top

0.5

1

Bottom

0.5

2.5

Top

0.5

1

Bottom

1.0

5

Top

1

1

Bottom

1

2.5

Sample
Fraction

Channel Flow
rate (mL/min)
0.5

530

1

800

1.5

1070

2

The results of WBC and RBC distribution are shown in the bar charts below (Figures 18
and 19). For the lowest shear rate of 270 sec-1 RBC count in the top take-off was roughly
30% more than in the bottom take-off; however, no significant separations were observed
for either cell type (RBC and WBC) in subsequent trials with higher shear rate indicating
a uniform distribution in the channel cross section. This may be attributed to dispersive
phenomenon induced by high shear regions acting on red cells before the bifurcation
zone.
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WBC Distribution
7.0E+06
6.0E+06

WBC/mL

5.0E+06
4.0E+06
3.0E+06
2.0E+06
1.0E+06
0.0E+00
Feed

TopBottom

TopBottom

A

B

TopBottom

C

TopBottom

D

Figure 18. WBC distributions in bifurcating outlets for Experiment 1.
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Figure 19. RBC distributions in bifurcating outlets for experiment 1.
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TopBottom

D

Experiment trials with the second PDMS flow-filter are listed in Table 6. These
trials were conducted with ultrafiltration. Shear rates used were in the range of 530-3200
sec-1. Ultrafiltration flow rate for lower shear rate was 10% and for higher shear rate was
2.5 and 1.5 % of the Channel flow rate. Again the flow rate in bottom take off (near the
membrane) was 2.5 times of that in top take-off.

Table 6
Experiment 2: Conditions with PDMS Flow-Filter with PES Membrane (0.22 μm,
Hydrophilic, Millipore) Embedded at Bottom Wall, Top Take off Height = 125 μm,
Bottom Take off Height = 50 μm
Exp. 2
Trials
A
B
C

Sample
Fraction

Take off
flow rate
(mL/min)

Take off /
Channel
velocity ratio

Top
Bottom
Top
Bottom
Top
Bottom

0.5
0.5
1
1
3
3

1
2.5
1
2.5
1
2.5

Wall
Channel
Shear rate Flow Rate
-1
(mL/min)
(s )

UF
(μL/min)

530

1

100

1070

2

50

3200

6

100

‡

‡‡

‡ Ultrafiltration was intermittent, ‡‡ No Ultrafiltration but pump on

The results of WBC and RBC distribution are shown in the bar charts below
(Figures 20 and 21). Again at lower shear rate (530 sec-1) and 10% ultrafiltration an
increase of 20% in the count of RBC was observed in top take-off. There were no
noticeable separations of either cell type for higher shear rates indicating a uniform
distribution in the channel cross section.
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Figure 20. WBC distributions in bifurcating outlets for experiment 2.
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Figure 21. RBC distributions in bifurcating outlets for experiment 2.
‡ Ultrafiltration was intermittent, ‡‡ No Ultrafiltration
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Top Bottom

C‡‡

Note that, in the experiment 1 (Table 5) there was no enrichment for trial B which
was conducted at the same shear rate (530 sec-1) as the trial A of experiment 2. However,
there was no ultrafiltration and also it was a second trial (possibility of a compromised
device operation). Ultrafiltration at intermediate shear rate (530 sec-1) may have provided
the means to yield the enrichment. A trial with third PDMS flow-filter, described next,
(Table 7, trial A) at the shear rate of 530 sec-1 and 2% ultrafiltration produced similar
increment in RBC count of top take-off (see Figure 23).
Table 7 shows the conditions for an experiment with a third flow-filter which
used a PES membrane from Pall Inc. This membrane filter provided an ultrafiltrative wall
which was functionally more effective as judged by priming and flushing of the device
between the trials. The shear rate for all trials was 530 sec-1 and an ultrafiltration flow
rate was 2% of the Channel flow rate. A function generator set to 1 MHz sinusoidal
voltage of 15 Vpp was used to investigate if dielectrophoretic field affects the RBCs
distribution in whole blood. The flow rates in bifurcating branches were kept equal.

Table 7
Experiment 3: Conditions with PDMS Flow-Filter with PES Membrane (0.2 μm,
Hydrophilic, Pall Inc.) Embedded at Bottom Wall, Top Take off Height = 50 μm, Bottom
Take off Height = 100 μm. Wall Shear Rate = 533 s-1
Exp. 3
Trials
A
B
C
D

Sample
Fraction
Top
Bottom
Top
Bottom
Top
Bottom
Top
Bottom

Take off
Flow rate
(mL/min)
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50

Channel Flow
UF
Rate (mL/min)
(μl/min)

AC Electric
field
(V/cm)

Freq
(MHz)

1

20

0

0

1

20

300

1

1

0

300

1

1

0

0

0
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The results of WBC and RBC distribution are shown in the bar charts below
(Figures 22 and 23). An increase of 30% in the count of RBC was observed in top takeoff for trial A without AC electric field. There were no significant separations of either
cell types for subsequent trials with AC electric field and same levels of shear rates, a
pattern similar to previous two experiments. It was not possible to assess the effect of AC
DEP effects.

WBC Distribution
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Figure 22. WBC distributions in bifurcating outlets for experiment 3.
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RBC Distribution
7.0E+09
6.0E+09

RBC/mL

5.0E+09
4.0E+09
3.0E+09
2.0E+09
1.0E+09
0.0E+00
Feed

Top Bottom

Top Bottom

Top Bottom

Top Bottom

B

C

D

A

Figure 23. RBC distributions in bifurcating outlets for experiment 3

Discussion of the PDMS-Device Experiments. A common feature of these
experiments, both with and without ultrafiltration, has been a probable enrichment effect
on RBC in the first trial in an experiment. Even though the first trial in each experiment
yields 20-25% RBC enriched fraction in the top outlet, subsequent trials at higher shear
rate do not yield any significant enrichment. Although not significant, but a reversal in
trend is observed at shear rates >= 1000 sec-1. There was no indication of any separation
effect on WBC population. No significant separation was observed for either cell type in
trials with higher shear rates (> 530 sec-1). This may be attributed to dispersive
phenomenon induced by high shear on red cells before the bifurcation zone. Another
aspect to consider here is the design of the bifurcation zone. The top outlet takes-off at
almost right angles to the main channel and it introduces a large stagnation zone for the
incoming fluid which has the possibility of introducing secondary flows (e.g.,
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recirculation). At lower shear rate the dispersion is probably less and with stagnation
zone acting as cell retainer, leads to higher RBC count in the top take-off.
The ultrafiltrative function of the PDMS device appeared to suffer from progressive
deterioration of functionality which may be associated with re-establishing the channel
flow free of air-bubbles and potential blockages at bifurcation. Ultrafiltrative
functionality also appeared compromised which may be explained by the buildup of
blood components on the membrane as it was used for later trials of a set. As observed
from increased RBC distribution in top take-off for trial A of experiments 2 and 3 (Figure
20 and Figure 22), interchange of the velocity ratio in the bifurcating outlets does not
affect the observed outcome. This does not provide any clue to the events taking place in
the zone preceding the bifurcation. However it may be speculated that stagnation zone
effect dominates the flow rate changes. Another possibility is that enrichment in first trial
is an artifact of experimental setup and operation. Although the flow-filter was primed
before sampling whole blood, PDMS is a soft polymer and the region of bifurcation may
be compromised by intermittent blocking of bottom take-off adjacent to the membrane. It
merits repeating these trials with a flow filter (operational ultrafiltration) designed with
minimal stagnation zone at bifurcation (bifurcations at an angle of 10-15 degrees) and a
robust junction for bifurcating outlets. Lower shear rates with little ultrafiltration seem
appropriate choice for further investigations.
Data obtained from these experiments with PDMS flow-filter design are not
statistically significant and were not conclusive to support or reject our hypothesis for
achieving preferential motion of blood cell sub-populations in lateral direction.
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Nevertheless, they provided us with insights in to the potential of cellular enrichment,
design of future experiments and sample analyses.
Working with whole blood was a challenge in the current design of flow-filter.
With an aim to reduce the possible blocking of filter membrane it was decided to use
dilute whole blood suspension (1:20) in the next set of experiments with epoxy flowfilter. It also provides an opportunity to explore effects of electric field on cellular
fractionation.
Effect of Inclined Sedimentation
Experiments with inclined channel directions were carried out with and without
coupled DC electric fields to investigate if blood cell populations could be eluted
preferentially based on differences in density. These experiments were conducted at an
inclination angle of θ = 0 and 45 degrees, using the epoxy flow – filter as shown in
Figure 16 and described previously. The flow rate chosen in these experiments produced
a channel wall shear rate of 65 s-1. The hematocrit of the suspension used was in the
range of 2%. This range was chosen to investigate if blood cells render themselves
susceptible to electrophoretic manipulation at lower concentration. At 2% hematocrit the
suspension is still a concentrated one, with red cell count of 2 x 105 cells/μL.
Experiments were conducted with electric field strengths of 0 and 500 V/cm.
In the horizontal configuration (θ = 0), there was no evidence of WBC enrichment
in the take-off fractions both with without electric field (Figure 24). However RBC
distribution, as shown in Figure 25, indicates possible enrichment in the bottom take-off
due to sedimentation effects. Application of an electric field across the channel height
(positive at the bottom) appears to augment this enrichment as can be observed from
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reduction of standard deviation of average cell counts. However there was no enrichment
of neocytes as MCV volume was observed to be equal for the two outlet fractions.

Normalized WBC count

WBC distribution, θ = 0, Shear = 65 s-1, Hct = 2%
AVG, N = 4
Bars = SD

1.8
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1.4
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0.4
0.2
0.0
Feed
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Bottom
E = 0 V/cm

Top

Bottom

E = 500 V/cm

Figure 24. Effect of sedimentation and DC electric field on fractionation of WBC in a 2%
hematocrit blood suspension. Bars represent one standard deviation.

Normalized RBC count

RBC distribution, θ = 0, Shear = 65 s-1, Hct = 2%
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Figure 25. Effect of sedimentation and DC electric field on fractionation of RBC in a 2%
hematocrit blood suspension. Bars represent one standard deviation.
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Average cell counts for outlet fractions in the inclined configuration (θ = 45) do
not show any enrichment of WBC or RBC sub-populations as indicated by increased
standard deviation of cell count distribution (Figures 26 and 27). No MCV differences
were observed for RBC in two fractions. It may be concluded that increased
sedimentation of cells on inclined planes in presence of the given flow rate did not allow
development of a desired distribution of cells according to their density differences.

WBC distribution, θ = 45, Shear = 65 s-1, Hct = 2%
AVG, N = 4
Bars = SD

1.8

Normalized WBC count
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1.2
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0.6
0.4
0.2
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Bottom

E = 0 V/cm

Top

Bottom

E = 500 V/cm

Figure 26. Effect of inclined sedimentation (θ = 45 degrees) and DC electric field on
fractionation of WBC in a 2% hematocrit blood suspension. Bars represent one standard
deviation.
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RBC distribution, θ = 45, Shear = 65 s-1, Hct = 2%
AVG, N = 4
Bars = SD

Normalized RBC count
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Figure 27. Effect of inclined sedimentation (θ = 45 degrees) and DC electric field on
fractionation of RBC in a 2% hematocrit blood suspension. Bars represent one standard
deviation.

In experiments described above, a mass balance error was observed between the
reservoirs feed and output fractions. These mass balance errors are depicted in figures
below for both WBC and RBC average counts (Figures 28 and 29). This error can be
classified as systematic error and may be attributed to the experiment setup. The reservoir
was placed approximately 3 inches above the inlet port and there is possibility that at low
shear rate cells underwent sedimentation in the inlet line. As a result channel was being
fed with blood sample richer in cells at the inlet and hence higher the average count of
cells in output fractions. This error was minimized in later experiments by reducing the
length of inlet line from 3 inches to 1 inch and the height of reservoir from the inlet port
was reduced to ½ inch. A recirculation line was introduced to avoid any settling of blood
cells at the inlet port.

74

WBC distribution, θ = 0, Shear = 65 s-1
AVG, N= 4
Bars = Mass Bal. Err

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

AVG, N = 4
Bars = Mass Bal. Err

1.8

Normalized WBC count

Normalized WBC count

WBC distribution, θ = 45, Shear = 65 s-1

0.0

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Feed

Top Bottom

E = 0 V/cm

Top Bottom

Feed

E = 500 V/cm

Top Bottom

E = 0 V/cm

Top Bottom

E = 500 V/cm

Figure 28. Graphs representing the amount of mass balance error for WBC count
produced due to settling effect in the flow line from the feed reservoir to channel inlet,
resulting in feeding of channel with concentrated suspension.
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Figure 29. Graphs representing the amount of mass balance error for RBC count
produced due to settling effect in the flow line from the feed reservoir to channel inlet,
resulting in feeding of channel with concentrated suspension.
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An important outcome of uncovering this error is the direct demonstration of ability
of the blood cells to sediment during the time intervals similar to those of the
measurement process.
Ultrafiltration Coupled with Electric Field
The experiments to obtain an estimate of ultrafiltrative flow rates as a percentage of
inlet flow rate, electric field forces and their efficiency in yielding a possible enrichment
of blood cells were conducted using two part epoxy channel in a set up (Figure 17)
described earlier in chapter 3. In the previous section we concluded that minor
enrichment in the bottom branch was due to the settling effects on blood cell suspension
at lower wall shear rate (65 s-1) and electric field in the range of 500 V/cm did not
augment or oppose the settling effects. To rule out settling mechanism, higher channel
flow rates (QFeed) were chosen for studies with ultrafiltration. As blood cells were
expected to concentrate at the filter membrane, higher wall shear rates were needed to
prevent cake layer formation and aid the cells move back to bulk flow through shearinduced diffusion. The electric field directed from the top wall to the bottom
ultrafiltrative wall was applied across the channel height to augment the movement of
cells (with net negative surface charge) away from ultrafiltrative wall. A trial with
electric field polarity reversed was also conducted to investigate if electric field affects
the cell distribution.
As the blood cell suspension is drawn towards the bottom wall by the
ultrafiltration, we expected the fraction collected from bottom take-off to be enriched in
blood cells. It was also hypothesized that young red cells being more flexible, less dense
and having greater net negative surface charge compared to older red cells would find
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their way out away from the ultrafiltrative wall faster. As a result the fraction collected
from top take-off was expected to contain younger red cells with higher mean cell
volume (MCV). An electric field positive with negative with respect to the bottom
ultrafiltrative wall was expected to aid in repelling the red cells away from the filter. To
test this hypothesis a control experiment was performed by reversing the electric field
polarity (positive with respect to bottom wall).
A set of operating parameters were chosen for trials using ultrafiltration coupled
with DC electric fields. The hematocrit of blood suspension used in these experiments
was in the range of 2% and wall shear rates were 1300 s-1 and 650 s-1. Ultrafiltration flow
rates were 1% and 2% of channel flow rate (QFeed).
Figures 30 and 31 show the distribution of WBC in the two take-off fractions for
the two wall shear rates and three electric field values (0, -670, and 670 V/cm with
respect to the bottom ultrafiltrative wall). There was no evident enrichment of WBC in
the two fractions collected for each trial.
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Normalized WBC Count

WBC distribution, Shear = 1300 s-1, UF = 10 μl/min
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Figure 30. Effect of ultrafiltrative flux and DC electric field polarity on WBC
fractionation in sheared suspension of 2% hematocrit at WSR of 1300 s-1. Ultrafiltrative
flow rate is 1% of channel feed flow rate. The blood fractions obtained from bifurcating
take-offs had equal distribution of WBC. N = 1 for each trial.
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WBC distribution, Shear = 650 s-1, UF = 10 μl/min
UF = 2% of QFeed (0.5 mL/min)

1.20
1.00
0.80
0.60
0.40
0.20
0.00
Feed

Top Bottom

E = 0 V/cm

Feed

Top Bottom

E = -670 V/cm

Feed

Top Bottom

E = 670 V/cm

Figure 31. Effect of ultrafiltrative flux and DC electric field polarity on WBC
fractionation in sheared suspension of 2% hematocrit at WSR of 650 s-1. Ultrafiltrative
flow rate is 2% of channel feed flow rate. The blood fractions obtained from bifurcating
take-offs had equal distribution of WBC. N = 1 for each trial.

Figures 32 and 33 depict the distribution of RBC in the two take-off fractions for
the same trials. There appeared to be a possible enrichment of red cells in the bottom
fraction for both the shear rates and may be attributed to ultrafiltration.
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Normalized RBC Count

RBC distribution, Shear = 1300 s-1, UF = 10 μl/min
UF = 1% of QFeed (1 mL/min)
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Figure 32. Effect of ultrafiltrative flux and DC electric field polarity on RBC
fractionation in sheared suspension of 2% hematocrit at WSR of 1300 s-1. Ultrafiltrative
flow rate is 1% of channel feed flow rate. The blood fraction in bottom outlet shows
larger RBC count with electric field positive at bottom wall. N = 1 for each trial.
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Figure 33. Effect of ultrafiltrative flux and DC electric field polarity on RBC
fractionation in sheared suspension of 2% hematocrit at WSR of 650 s-1. Ultrafiltrative
flow rate is 2% of channel feed flow rate. The blood fraction in bottom outlet shows
larger RBC count with electric field positive at bottom wall. N = 1 for each trial.
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The electrostatic forces do not appear to effect any lateral movement of WBCs,
however in case of RBC, the reversal of electric field polarity (positive at the bottom
wall) seem to augment the enrichment in bottom take-off. Blood cell count in feed
reservoir was obtained for each trial of similar condition and a plot of average cell counts
is presented below in Figure 34 with one standard deviation. This indicates that the
reservoir conditions do not change between trials during the experiment and also gives an
estimate of standard deviation for a cell type (± 20% for WBC and ± 5% for RBC).
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Figure 34. Average blood cell counts in the feed reservoir for similar conditions of a trial.

On comparing the difference between top and bottom red cell counts for both
shear rates and electric field polarity it appears that an electric field pushing cells along
the direction of ultrafiltration produces red cell enrichment in bottom take-off. This set of
condition was repeated to verify the significance of this enrichment and results are
presented next as average cell counts in Figures 35 to 38.
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WBC distribution, Shear = 1300 s-1, UF = 10 μL/min

Normalized WBC Count

UF = 1% of QFeed (1 mL/min)
N=3

1.2

Bars = SD
N=5

1.0
0.8
0.6
0.4
0.2
0.0
Feed

Top

Bottom

Feed

E = 0 V/cm

Top

Bottom

E = 670 V/cm

Figure 35. Effect of ultrafiltrative flux and DC electric field on WBC fractionation in
sheared suspension of 2% hematocrit at WSR of 1300 s-1. Ultrafiltrative flow rate is 1%
of channel feed flow rate. Bars represent one standard deviation.

WBC distribution, Shear = 650 s-1, UF = 10 μL/min
UF = 2% of QFeed (0.5 mL/min)
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Figure 36. Effect of ultrafiltrative flux and DC electric field on WBC fractionation in
sheared suspension of 2% hematocrit at WSR of 650 s-1. Ultrafiltrative flow rate is 2% of
channel feed flow rate. Bars represent one standard deviation.
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RBC distribution, Shear = 1300 s-1, UF = 10 μL/min
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Figure 37. Effect of ultrafiltrative flux and DC electric field on RBC fractionation in
sheared suspension of 2% hematocrit at WSR of 1300 s-1. Ultrafiltrative flow rate is 1%
of channel feed flow rate. Bars represent one standard deviation

RBC distribution, Shear = 650 s-1, UF = 10 μL/min
UF = 2% of QFeed (0.5 mL/min)
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Figure 38. Effect of ultrafiltrative flux and DC electric field on RBC fractionation in
sheared suspension of 2% hematocrit at WSR of 650 s-1. Ultrafiltrative flow rate is 2% of
channel feed flow rate. Bars represent one standard deviation
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The distributions of WBC at both shear rates do not indicate any enrichment as
can be seen from graphs in Figures 35 and 36. Although a trend of greater WBC count is
observed in bottom take-off and there is a reduction in standard deviation for trials at
lower wall shear rate (650 s-1) and ultrafiltration (2% of channel flow rate QFeed), yet the
standard deviations for two fractions are beginning to overlap (Figure 36). A similar
distribution is observed for RBC count (Figures 37 and 38) and hematocrit (graph for
hematocrit not shown) in the two take-offs albeit enrichment is more pronounced
compared to WBC. Also in case of RBC, the distribution remains unchanged with
application of electric field. It appears that with the prevalent shear rates the residence
time of cells is too small for electrostatic forces to act to reposition these cells.
Ultrafiltration
A set of experiments was performed with ultrafiltration alone on sheared
suspension of 2% hematocrit. One set compares the blood cell distribution as
ultrafiltration is increased at a given shear rate and the other comparison is a function of
ultrafiltration as percentage of channel flow rate. Figure 39 shows the distribution of
WBC at wall shear rate of 1300 s-1 as ultrafiltration is increased from 0 to 10 μl/min (1%
of QFeed) to 50 μl/min (5% of QFeed). Figure 40 shows the distribution of WBC at wall
shear rate of 650 s-1 as ultrafiltration is increased from 0 to 10 μl/min (2% of QFeed) to 50
μl/min (10% of QFeed). There is no evident enrichment of WBC for these operating
parameters. At 5% and 10% ultrafiltration rate, there is greater variation in distribution of
WBC indicating dispersion of these cells before the bifurcation in channel.
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WBC distribution, WSR = 1300 s-1, QFeed = 1 ml/min
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Figure 39. Effect of varying ultrafiltration rate on WBC fractionation in sheared
suspension of 2% hematocrit at WSR of 1300 s-1. Ultrafiltrative flow rates are 0%, 1%,
and 5% of channel feed flow rate. Bars represent one standard deviation.

WBC distribution, Shear = 650 s-1, QFeed = 0.5 ml/min
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Figure 40. Effect of varying ultrafiltration rate on WBC fractionation in sheared
suspension of 2% hematocrit at WSR of 650 s-1. Ultrafiltrative flow rates are 0%, 2%,
and 10% of channel feed flow rate. Bars represent one standard deviation.
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Figures 41 and 43 shows the distribution of RBC and hematocrit, respectively, at
wall shear rate of 1300 s-1 as ultrafiltration is increased from 0 to 10 μl/min (1% of QFeed)
to 50 μl/min (5% of QFeed). The range of standard deviation is smaller compared to WBC
distribution. At this shear rate there is no enrichment at 0% and 1% ultrafiltration. At 5%
ultrafiltration a pattern for red cell enrichment in bottom take-off can be observed but it is
not significant as indicated by the standard deviation bars.

RBC distribution, Shear = 1300 s-1, QFeed = 1 ml/min
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Figure 41. Effect of varying ultrafiltration rate on RBC fractionation in sheared
suspension of 2% hematocrit at WSR of 1300 s-1. Ultrafiltrative flow rates are 0%, 1%,
and 5% of channel feed flow rate. Bars represent one standard deviation.

Figure 42 and 44 shows the distribution of RBC and hematocrit, respectively, at
wall shear rate of 650 s-1 as ultrafiltration is increased from 0 to 10 μl/min (2% of QFeed)
to 50 μl/min (10% of QFeed). At this shear rate the average red cell count is observed to be
more in the bottom take-off at both 0 and 2% ultrafiltration. This may be attributed to low
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shear and sedimentation effect. A possible enrichment, although not significant, of RBC
in bottom-take off may be attributed to 10% ultrafiltration rate (50 μL/min).

RBC distribution, Shear = 650 s-1, QFeed = 0.5 ml/min
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Figure 42. Effect of varying ultrafiltration rate on RBC fractionation in sheared
suspension of 2% hematocrit at WSR of 650 s-1. Ultrafiltrative flow rates are 0%, 2%,
and 10% of channel feed flow rate. Bars represent one standard deviation.

In all trials the MCV in both fractions was equal (93-95 μm3). This was contrary
to our hypothesis of differential movement of young and old red cells as they are sheared
along the ultrafiltrative wall. There was no enrichment of young and old red cells in the
bifurcating branches. It was observed that MCV of the reservoir sample was ~ 88 μm3
and the value for outlet fractions was ~ 93 μm3. Although in physiological range, but the
increase in volume indicates intake of solution by red cells and this increase in size could
affect their rheological behavior or damage to the cells as they are processed.

86

HCT distribution, Shear = 1300 s-1, QFeed = 1 ml/min
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Figure 43. Effect of varying ultrafiltration rate on HCT fractionation in sheared
suspension of 2% hematocrit at WSR of 1300 s-1. Ultrafiltrative flow rates are 0%, 1%,
and 5% of channel feed flow rate. Bars represent one standard deviation.

HCT distribution, Shear = 650 s-1, QFeed = 0.5 ml/min
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Figure 44. Effect of varying ultrafiltration rate on HCT fractionation in sheared
suspension of 2% hematocrit at WSR of 650 s-1. Ultrafiltrative flow rates are 0%, 2%,
and 10% of channel feed flow rate. Bars represent one standard deviation.
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Effect of Recirculation on Mass Balance Error
The experiments described above were performed with a reduced inlet length and
a recirculation line from the inlet port to the feed reservoir. This was done to reduce the
systematic mass balance error observed in experiments with inclined sedimentation.
Figures 45 and 46 show the graphs of average WBC and RBC counts with the bars
representing the mass balance error. A consistent reduction of this error was observed
compared to the error in results depicted earlier in Figures 28 and 29.

WBC distribution, Shear = 1300 s-1, UF = 10 μL/min

WBC distribution, Shear = 650 s-1, UF = 10 μL/min
UF = 2% of QFeed (0.5 mL/min)
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Figure 45. Graphs representing the amount of mass balance error for WBC count.
Recirculation of blood suspension from inlet port to feed reservoir helped achieve better
mass balance between feed WBC concentration and outlet WBC fractions.
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RBC distribution, Shear = 1300 s-1, UF = 10 μL/min
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Figure 46. Graphs representing the amount of mass balance error for RBC count.
Recirculation of blood suspension from inlet port to feed reservoir helped achieve better
mass balance between feed RBC concentration and outlet RBC fractions.
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CHAPTER 5
CONCLUSION, DISCUSSION, AND FUTURE WORK
Conclusions
The collected data indicate that the distribution of cell types across the channel
cross section is strongly resistant to spatial organization by cell type or sub-type.
Implementing ultrafiltration at one wall creates an arrangement wherein there is excess of
cells near that wall; this fact is well known because the membrane was always blocked as
a trial failed. Limiting the ultrafiltrative flow rate can lessen or even prevent the
accumulation, as would be expected from the success of ultrafiltration in some artificial
organs. Yet with the selected amounts of shear rate and electrical field, no significant
level of separation was found.
The enrichment with the PDMS flow-filter in the outlet fraction that was on the
opposite side of membrane filter indicates that conditions for enrichment could be
created. The second set of investigations was hampered by a necessary compromise
regarding the design and fabrication of the new flow-filter. As noted before, the ideal
geometry of the bifurcation would have been a Y-shaped bifurcation with minimal
stagnation zone. The stagnation zone created due to current approach can be seen in
Figure 48 (Appendix A). This flow-filter also had a converging section before the
bifurcation whereas the epoxy flow-filter had a straight channel. This feature could have
a role in the observed pattern of limited enrichment. The box-bottom molding approach
for epoxy flow-filter provided well-shaped parts so the Y-shaped bifurcation was possible
(see Figures 13 and 14); the lack of a facility for micromachining precluded fabrication of
a tapering zone on the main channel template for this design.
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Discussion of Findings
Yeh and Eckstein (1994) investigated red blood cell induced lateral transport of
platelet-sized particles in suspension flow. They reported an increase in lateral transport
with shear rate; however, at 40% hematocrit it reduced both below and above wall shear
rate of 560 sec-1. This is in agreement with the observation of platelet concentrations in
hemofilter fibers by Drake and Eckstein (1981). They reported elevated platelet
concentration near fiber wall for shear rates > 300 sec-1 and for a given ultrafiltration
flow rate, it was maximum for intermediate shear rates (400 – 550 sec-1). Considering our
RBC distribution for ultrafiltration at shear rate of 650 sec-1 versus 1300 sec-1, it might
not be feasible to achieve any useful segregation/enrichment of blood cells using the
flow-filter at higher flow rates.
The work presented here is a first attempt to seek enrichment in concentrated
suspension with single stage flow filters. So far almost all blood segregation studies have
been performed with dilute suspensions of chosen cells for sound reasons: the
experiments with concentrated cells pose great challenges. Several researchers have
proposed models for rheology and mass transport in concentrated suspensions. No single
model explains the events over all shear rates and concentrations. However, the current
effort with flow-filter is a strong beginning of engineering application to concentrated
suspension. It raises fundamental questions about the inter-cellular interactions in blood
flow. The methods developed here provide a set of starting blocks for future workers as
they select design parameters and attempt to extend these investigations. The advantage
of a simple label-free separation, combined with the ability to retrieve viable cells post
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enrichment, and minimal sample pre-processing presents numerous applications for use
in therapy and conducting fundamental studies.
Cellular interactions in the whole blood pose a complex hydrodynamic
phenomenon. In a viscous flow bordering on inertial, in geometry that is many cell
heights tall (such as our ones), the coupling of different types of cells with each other is
strong due to high RBC concentration, and it probably serves to entrap white blood cells.
The age-related density changes in the red cell population would seem not to have sharp
demarcations. So, the density distributions of RBC of different ages seem to overlap and
form smooth distributions for the combined group. Only the extreme fractions of cells
have reduced overlap. The slow progression of changes in physical properties of red cells
could force the young and old RBC to be entrained together in a manner that prevents
definite separation from each other, particularly if the flexibility of the younger cells
offsets the stiffness of the older cells as flickering rouleaux are formed. The need is to
develop methods, experimental or theoretical, for predicting the motion of cells with
different properties when they are part and parcel of the same suspension.
Recommendations for Future Work
This work developed a useful set of design and fabrication methods for single stage
flow-filter devices. Additional features can be added to the design such as: (a) filter
membrane on the tapering wall instead of the flat surface with a take-off drawing from
the nearby region, (b) A trifurcation of outlets with the middle outlet as a continuation of
main channel for collecting and side outlets diverging at a small angle (~ 15 degrees), and
(c) a longer ultrafiltrative wall. A top tapering wall provides a means to accelerate the
fluid in the direction of the opposite wall. A filter on the top wall will allow sequestration
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of cells collected near the membrane into adjacent side channel while the incoming liquid
and cells can simultaneously push on to the cell layers away from the membrane causing
them to move towards the middle and bottom outlets. The outlets diverging at small
angles should allow smooth transition of cell motions from the adjacent regions and
avoid stagnation zones, which can cause the suspension moving downwards to recirculate
and disturb any useful cell segregation. Longer lengths of ultrafiltrative zone may be
required for flow development and margination of rarer cells (platelets and WBC).
However, these regions shall not be too long to allow lateral movement of accumulated
cells back into the bulk flow before they reach the bifurcation zone. Such devices could
be tested for separation of suspension mixture of normal and hardened red cells
(glutaraldehyde or heat treated) or a mixture of young and old red cell fractions (top 5%
and bottom 5%) obtained through density gradient centrifugation. Study of such
simplified blood systems might yield more understanding of the behavior of blood
suspensions as they move through separator stages and permit developing nondimensional parameters associated with efficient mock separations or enrichments.
The device design can be easily customized to attempt isolation of other cell
populations in certain pathological conditions such as acute reticulocytosis, leukemia,
sickle cell disease, erythrocytosis or plasmacytosis. These are hematological disorders
where in the cells exist in abnormal shape and/or in numbers far greater than
physiological values. For example, plasmacytosis is characterized by increase in plasma
cell due to infection or multiple myeloma. Acute leukemia is characterized by
hyperleukocytosis wherein immature leukocytes are present in excess of 105/μl. High
number of immature leukocytes in the circulation can lead to leukostasis – a medical
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emergency condition characterized by increased whole blood viscosity. Reduction in the
immature leukocyte count from the circulation can reduce the peripheral resistance to the
blood flow (Blum & Porcu, 2007; Majhail & Lichtin, 2004). A flow-filter device may be
sensitive to the greater variations in cell properties and parameters. The height of the
channel can be further reduced (up to 50-75 μm) with asymmetric outlets at trifurcation
by finding a means to use modern micromachining facilities. Since abnormal white cells
are larger than both platelets and RBC, and shear enhanced diffusivity increases with
size, the permeate flux will be increased (implying less blocking of membrane by cake
formation). As these cells are pulled towards the filter-membrane they should be
expected to stay in near wall-center region and can be drawn into bottom two outlets,
while remaining components can flow into smaller side channel. The aspect ratio can be
further reduced to enable bulk fractionation using high shear rates at low flow rates. The
low Reynolds number regime in the zone preceding the trifurcation can minimize
dispersive interactions of cells.
The capability to fractionate whole blood into enriched components using a costeffective, automated, and portable device without a requirement of pre-processing will
have great utility in cellular therapy as well as transform clinical practices. Efforts to
continue this work are deemed worthwhile.
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APPENDIX A

Observations with Keyence Microscope
A PDMS channel construct was observed for its geometric features under 100X 200X magnification using VHX digital microscope (Keyence, NJ). The figures below
shows the image of the bifurcating region and the depth profile of channel. The depth of
channel at the bifurcation is approximately 190 μm and the two take-offs are 100 μm
each. The stagnation zone, marked by the arrow, at the bifurcation due to the top outlet
can be seen in Figure A2 and Figure A3. The recorded video images were even more
obvious than this image.

Figure 48. 100X top view of the
bifurcation region of PDMS channel.

Figure 47. 200X side view of the
bifurcation region of PDMS channel.

Figure 49. 200X depth profile of PDMS channel at the bifurcation region.
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